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Section  1 


INTRODUCTION 

New  and  improved  materials  are  being  studied  by  the  AFWAL  Materials 
Laboratory  to  determine  their  usefulness  in  Air  Force  systems.  Improved 
properties,  reduced  costs,  processing  simplifications,  and  enhanced 
service  life  ere  several  of  the  driving  forces  in  the  search  for 
improved  materials.  A  significant  part  of  this  search  involves 
characterization  of  the  microstructures  of  materials  being  developed 
for  i^se  in  aerospace  systems. 

Techniques  for  characterizing  materials  have  become  very  sophisticated, 
retuiring  strong  interaction  between  materials  engineers  and  spetial- 
isis  in  the  use  of  characterization  techniques.  Each  scientist  and 
engineer  at  the  AFWAL  Materials  Laboratory  who  is  involved  in  the 
development  and  evaluation  of  materials  has  characterization  problems 
unique  to  the  material  and  properties  under  study.  In  recognition  of 
tht  se  problems,  the  Materials  Laboratory  established  the  Iiaterials 
Characterization  Facility  where  research  related  to  characterization 
could  be  conducted.  ' 

Rec,uirements  for  more  sophisticated  methods  of  characterization  have 
arisen  from  the  on-going  refinement  of  operational  demands  on  Air  Force 
systems.  For  example,  the  current  Air  Force  philosophy  and  approach  to 
providing  structural  safety  and  durability  in  military  aircraft  were 
fostered  by  the  high-cost,  late  systems -development  programs.  These 
programs  lea  to  increased  in-service  maintenance  and  modification  costs 
and,  in  some  cases,  less-than-desirable  fracture  resistance  of  the 
sti  uctures. 

Implementation  of  this  philosophy  is  carried  out  using,  for  example. 
Specification  MIL-A-83444^  which  establishes  damage-tolerance  require- 
mei  ts  based  on  defects  or  flaws  which  are  assumed  to  be  present  in  the 
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structural  material,  possibly  as  a  result  of  component  processing  or 
fabrication.  The  design  of  the  component  must  be  based  upon  load  and 
the  size  and  location  of  the  flaw.  Also  inspection  intervals  for  the 
structure  depend  upon  the  growth  limits,  in  terms  of  flight  time,  to  a 
defect  attaining  critical  size. 

2 

Another  specification,  MIL-A-8867,  establishes  durability  requirements 
to  insure  that  the  economic  life  of  the  structure  will  be  equal  to  or 
greater  than  t^e  specified  design  service  life  when  the  structure  is 
subjected  to  the  design  service  loads.  The  ecoi.omic  life  refers  to  the 
life  of  a  structure  which  has  sufficient  widespread  damage  to  preclude 
its  operation  and  to  render  it  economically  beyond  repair.  In  an  evalu¬ 
ation  of  durability,  design  procedures  must  take  into  account  the  growth 
of  cracks  under  design  loads  and  environmental  spectra  and  insure  that 
cracks  will  not  grow  to  sizes  which  necessitate  replacement  or  modifi¬ 
cation  of  components  in  the  required  design  life.  This  continuous  need 
for  more  reliable  structural  materials  and  methods  of  predicting 
material  behavior  under  service  conditions  has  placed  challenging 
demands  upon  materials  scientists  and  engineers  who  are  seeking  the 
thorough  understanding  of  fundamental  material  properties  which  is 
essential  in  the  development  and  evaluation  of  materials  for  Air  Force 
use. 

Alloys  of  aluminum  and  titanium,  nickel-base  superalloys,  nonmetallic 
materials,  and  composites  are  of  major  significance  relative  to  the 
Fiiission  of  the  Air  Force.  Research  on  high-strength  aluminum  alloys 
has  now  encompassed  most  of  the  compositions  that  can  be  made  using 
standard  melting,  ingot  casting,  and  work  processes.  There  is 
considerable  evidence  that  emerging  powder  technology  will  lead  to 
alloys  having  improved  combinations  of  strength,  toughness,  and 
stress-corrosion  resistance,  as  compared  to  current  alloys,  and  perhaps 
even  improved  fatigue  properties.  Associated  with  these  new  alloys, 
however,  is  a  class  of  microstructures  not  found  in  conventional  alloys, 
and  their  role  in  controlling  properties  has  not  been  established. 


Oiie  of  the  aims  of  the  research  being  conducted  at  the  AFWAL  Materials 
Laboratory  is  examination  of  microstructure/property  relationships  in 
order  to  anticipate  possible  problems  associated  with  the  aluminum 
powder-technology  area.  Such  examination  involves  assessing  the  role  of 
the  various  microstructural  features  peculiar  to  powder  alloys  in  light 
of  their  effect  upon  the  critical  reliability  properties  of  fatigue- 
crack-growth  rate,  toughness,  and  stress-corrosion  resistance. 

Ii,  continuing  'forts  to  improve  titanium  alloys  with  respect  to  per¬ 
formance,  reliability,  cost,  and  producibi 1 ity ,  the  influence  of  (letal- 
lurgical  variables  upon  properties  is  determined  to  permit  proper 
m<,nipulati(n  of  processing  and  composition  which,  in  tu  ,  permits  tiie 
desired  pn  perties  to  be  obtained  most  effectively.  The  AFp,  .  t'aterials 
L  boratory  effort  involves  utilizing  relationships  between  tiie  proper - 
t  es  ana  n  icrostructure  of  titar;ium  alloys  to  develop  those  processf  ‘  , 
h' ct  treaMoents,  and  minor  alloying  changes  which  reduce  propei 
S'  actor  as  well  cs  improve  mean  values.  The  activity  centers  around 
t  tiguc  an  I  creep  properties;  bi.t,  by  necessity,  other  properties  cie 
ii  eluded  it  order  to  obtain  base-line  aata. 

Tte  utiliz.tion  of  ceramics  in  turbine  engines  offers  significant  potui- 
tial  for  increased  efficiency  and  lower  cost.  Recognizing  this,  the  Air 
Fierce  established  the  Interagency  Coordination  Group  for  the  Application 
0  Ceramic  to  Turbine  Engines  to  develop  an  interdependent  program  as  a 
(I  'ans  of  ri  ixiniizing  accomplishments.  It  was  agreed  that  the  Air  Foroe 
would  evaluate  new  materials  developed  by  other  organizations  and  also 
curry  out  screening  and  characterization  for  the  component  programs  (^f 
other  organizations.  The  Materials  Laboratory  activity  covers  the  area 
of  microsti'uctural  characterization  and  that  area  of  mechanical  behavior 
Which  is  ci'itical  to  the  application  of  ceramics  to  turbines. 

T’le  SRL  p  ogram  on  microstructural  characterization  complemented  AFUAL 
f  dtenals  Laboratory  in-house  R&D  work  in  the  above  areas.  Unique 
equipment  ind  specialized  investigative  techniques  used  were  peculiar  to 
tr;is  laboiatcry  and  included  optical  metallography,  electron  micros- 
(  ;py,  quiititative  metal! ograpuy ,  and  heat  treatments--dl 1  requiring 
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applicatior  of  standard  specimen-preparation  methods  and  variations  of 
these  methuds.  The  program  provided  the  flexibility  and  versatility 
required  tor  accomplishment  of  objectives  in  cooperation  with  the 
inherently  diverse,  exploratory,  and  probing  nature  of  the  Materials 
Laboratory  effort.  To  meet  these  goals  effectively,  the  program  was 
performed  en-site  at  the  AFWAL  Materials  Laboratory,  most  of  the  work 
being  concurrent  and  integrated  with  on-going  investigations  on 
materials  in  this  as  well  as  other  AFWAL  laboratories. 


Materials  cn  whiLu  characterization  was  accompl i  ned  includeo  metals  and 
noimetals  ^uch  as  ceramics,  carbon  filaments,  boron-titanium-sil icon 
composites,  and  polymers.  Alloys  included  those  of  alui.  nm  and  titan- 
iUi.'i  and  nicLel-base  superalloys. 

Th  :  following  personnel  were  assigned  to  this  effort: 


PrjjecL  f(dn  igt'’/Principdl  Investigator  Dr.  A.  G.  Jackson 


A:  .istdnt  F  ojoct  Hanager/TEM 
Ml  TOtor.iy 
SL  1 

hk  lA 

M(  tdllograpiiy  Lab 

Ph  jto  Lab 
Sp  cial  Proiects 
Technical  Support 


R.  £.  Omior 
P.  F.  Lloyd 

J.  Y.  L.  Chen/R.  J.  Qdoon/R.  L. 
Brodecki 

M.  B.  Strope/R.  J.  Bacon/ 

A.  G.  Jackson 

W.  J.  Custer/C.  E.  Harper/ 

F.  0  Deutscher/R.  K.  Lewis 
J.  C.  Heidenreich/S.  D.  Apt 
J.  G.  Paine 
J.  S.  Paine 


Th  conscientious  effort  of  this  staff,  in  producing  high-quality  data 
and  analyses  is  gratefully  acknowlecged. 


Section  2 

SUMMARY  OF  WORK  PERFORMED 


ELECTRON-OPTICS 
R.  E.  Offllor 

The  following  table  represents  the  total  number  of  samples  prepared  ana 
photographs  taken  in  the  TEM  and  STEM  areas. 


TABLE  1 

TRANSMISSION  AND  SCANNING  TRANSMISSION 

MICROSCOPY  AND  MICROTOMY 

samples  Prepared 

Photographs  ■  'n 

A1  Foils 

1,545 

TEM  (200  kV) 

6,(77 

Ti  Foils 

1,675 

TEM  (STEM-IOOCX) 

12,725 

Ni  Foils 

114 

SEM-STEM  (lOf'fX; 

3,1  64 

ot  .an  !on 

Mil  105 

In  ;rot(ji'ie 

S  16  specimens,  (3  each)  1,188 

New  Equipmei. 


100  X  JLOL  S  'EM 


Dur  ng  the  course  of  this  contractual  effort,  many  advances  were  made  in 
application  of  electron  optics  for  characterization  of  materials 
und.r  study  in  the  fiaterials  Laboratory,  the  most  significant  being  the 
installation  of  the  lOCCX  JEOL  Scanning  Transmission  Electron  Microscope 
(STM).  Thi^  analytical  microscope  has  not  only  the  capability  to  per- 
fon.i  the  usial  tasks  of  conventional  TEMs,  SEMs,  and  electron  micro- 
proi.es  but  .Iso  two  distinct  additional  capabilities— microdiftraction 
ufid  microana  ysis. 

Bee  use  of  me  smal  1 -diameter  ('v  10  k)  electron  beam,  diffraction  from 
ext  emely  snail  areas  can  be  achieved.  If  the  gun  bias  control  is 
emp  oyed,  th'  probe  size  and  current  density  can  be  adjusted  easily. 

S 


A'so,  the  probe  can  be  scanned  over  a  limited  region,  providing  micro- 
aiea  selected  diffraction  with  no  undesirable  radiation  damage  to 
adjacent  areas.  The  small  electron  beam  can  also  be  used  as  a  super¬ 
fine  electron  probe  to  generate  characteristic  x-rays  and,  when  coupled 
with  an  x-ray  detector,  can  provide  chemical  species  identification  of  a 
spatial  region  on  the  order  of  ten  times  the  probe  diameter--a  much 
smaller  area  than  possible  with  a  conventional  microprobe.  Concentra¬ 
tion  profiles  can  be  obtained  as  the  beam  traverses  the  sample.  Witi) 
the  electron-t  '■gy-loss  spectrometer  (EELS),  which  utilizes  the  sane 
analysis  system  as  the  x-ray  analyzer,  micro  .'lemental  analysis  arc 
ii /aging  fo  ■  the  light  elements  (down  to  Li)  can  be  performed,  either  in 
addition  tr  or  simultaneous  with  x-ray  microanalysi s .  /  thermore,  tie 

a  .alytical  instrument  can  provide  a  TEM-mode  high-resolut /  •  2  h) 

image  of  .he  specimen  area  under  investigation.  Thus,  ttiis  single 
iistrument  approaches  the  ultimate  in  analytical  capabilties. 

U  her  acce  series  and  capabilities  of  the  lOOCX  JEOL  STEM  are: 

1.  Deformation  sample  holder  for  direct  observation  of  sample 
s  retching  by  any  of  the  above  techniques. 

2.  H  it-  and  cold-stage  holders  for  observation  of  phase 

tions  and  frozen  samples  and  cooled  polymer  samples  to  reduce 
b  Jill  damage. 

3.  F  'ee  lens  control  for  use  with  special  bright-field/dark-i leln 
imaging  techniques. 

4.  kister  scan  imaging  for  use  in  secondary-electron  imaging  in 
tie  reflection  mode  (SEI,  same  as  SEM) ,  transmitted  electron 

i' /aging  (TEI)  (unavailable  in  SEM),  and  back-scattered  electron 
i/.iaging  (BEI)  in  the  case  of  high-atomic-nuniber  elements. 
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Since  a  hich-resolution  dynamic  image  is  available  on  a  CRT,  video-tape 
arid  digital -image-ana  lysis  capabilities  are  available  for  dynamic 
processes.  The  major  advantage  of  the  STEM  is  system  flexibility. 


TN-2000  X-ray  Analyzer 

A  second  related  update  was  the  acquisition  of  Tracor-Northern  Th-?00C 
X-iay  Analyze/  d  its  related  stand-alone  o'nt.  This  unit  provides 
di  lital  becin  au  .jination,  which  permits  imagi  nf  both  x-rays  ano 
va  ious  vioto  signals.  Digital  beam  control  refers  to  automatic  coiViroi 
an(  direct  :uri  oi  the  STEfl  electron  beani  by  the  Th-.  Analyzer. 
Adiiticnall  -  ihe  standaro  video  signal  of  the  microscope  i.  vuizeo 
ani  transmi  ted  t^j  ttie  analyzer.  Aotomation  of  the  eiictror  m  >  scobc 
wi  h  this  integratec  TN-2000  system  provides  s  vend  pov.ito; 
cd,  dbi  htu  : 

1.  Hii 'i-L|ua  I  ity  digital  x-ra^  r.iaps  ano  lincscons 

2.  Pa;  liculdte  arialy  >is 

3.  Fectute  dnalysis 

4.  Die  itdl  image  analysis. 

TN- 1310  Modular  Central 

Thi  Tracor-Northern  TN-1310  Modular  Control,  in  conjunction  veith  the 

7N-2000  X-iay  Analyzer,  affords  the  JEOL  lOOCX  STEM  tremeiioui.' 
ca[ abilities.  The  computer  power  of  the  x-ray  analyzer  is  useo  to 
coi  trol  electron  beam  scanning  and  CRT  displays  as  well  as  to  ii.mgi 
vioeo  and  x-ray  signals  digitally.  The  system  enables  positioning  ui 
the  electro.,  beam  in  the  X  an'  ''  directions.  With  software  prograi.is 
point  spaciiig  and  dwell  time  nrovided.  The  digital  converter  is 

used  to  digitize  the  video  (secondary,  backscattered  and 

transmitteo  electrons)  into  256  .  levels.  The  joystick  is  used  tn 

position  the  cursor  on  t.he  microscope  image,  control  brightness  and 

cot  trast,  siilect  start  and  stop  points  for  line  prt.files,  and  sti 

thtesholo  levels  for  particle  deteition. 
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Line  Profiling:  Seven  background  -  subtracted  line  profiles  can  be- 
collected  simultaneously  and  displayed  in  color. 


Distribution  Mapping:  Eight  background  subtracted  maps  can  be  collected 
simultaneously  and  displayed  in  color. 

Transfer  of  Information  to  STEM  CRT:  Line  profiles,  distribution  maps, 
EDS  spectra,  alphanumerics ,  a  micron  bar,  and  energy  grids  can  be 
transferred  to  electron-microscope  display  and  photo  CRT, 

Digital  Imaging;  Digital  images  of  a  variety  of  video  signals  (second¬ 
ary  and  backscattored  electrons,  etc.)  can  be  collecteo  a.  displayed  ir 
sixteen  colors  and  coded  to  intensity. 

Image  Processing;  Ima  le  processing  available  includes  background  sub- 
trection,  omposite,  smoothing,  rationing,  threshold  selection,  scale 
exfansicr,  Mstogram,  area  fraction,  and  add/subtract, 

III  addition,  two  important  sample-preparation  devices  were  purchased-- 
tht  Gaton  lOn  M'll  and  the  Reichert-Jung  Ultramicrotome.  With  the- 
foiiiier  device,  two  specimens  can  be  prepared  at  one  time.  The  stages 
irr  ure  that  the  i(in  beams  are  centered  on  the  specimen  over  a  full  40 
dei  ree  rung^;  of  sputtering  angles.  The  rotatable  stage  includes  the 
necessary  ductwork  for  independent  feeding  of  the  ionizing  gas  to  the 
two  guns.  Each  milling  area  contains  a  high-voltage  switch  which 
enables  the  operator  to  energize  cne  or  both  guns  as  well  as  a  specimen 
area  which  provides  (a)  specimen  rotation  about  the  vertical  axis  (b) 
fast  specimen  exchange  or  cleaning  capabilities  without  affecting  the 
milling  corditions  of  the  twin  milling  station  (c)  transmission 
i 1 1 uminatioii  viewing  (d)  a  window  for  close  specimen  viewing,  and  (e) 
laser  termination  capabilities.  High  quality  results  have  been  obtained 
tor  scientists  in  both  the  metals  and  ceramics  areas. 

The  design  of  the  second  sample-preparation  device--the  Reichert-Jung 
IJl  tramicroteme  with  cryo-niicrotome  capdbilities--simpl  ifies  the  day-to- 
day  prepara  ion  cf  sections.  This  unit  features  thermal  feed  and  a 
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variable  speed  drive  control  with  adjustment  of  the  cutting  range.  Ic 
is  also  back-lighted  to  assist  with  correct  knife  setting  in  relation  to 
the  cuttinc;  surface  of  the  specimen.  With  this  instrument  high-qual  ity 
results  have  been  obtained  for  the  Polymer  Branch  of  the  AFWAL  Materials 
Laboratory. 


New  Techniques 

With  the  introd.  tion  of  a  wide  variety  of  al  .  s  of  both  titaniun:  an(j 
aluminum,  numerous  small  changes  have  been  maoe  under  the  pr^  sene 
contract  in  foil-making  processes.  Various  specia..  d  foil-making 
tt;hniques  have  also  been  deveUped  for  the  Polymer  Bran  ;■  the  Air 
Force  Wrigl.t  Aeronautical  Laboratories. 

Thj  use  of  composite  materials  in  aerospace  applicatiins  rs  incroasin 
bi  ;ause  of  the  significint  weight,  cost,  and  performanco  advantages 
which  these  niaterials  have  over  conventional-strength  n.uterijls.  n  ttit. 
pa,t,  however,  poor  results  have  been  obtained  on  sec.iofi.ng  rraphito 
fiuer-epoxy  composites.  It  has  become  essential,  therefore,  tu  develop 
new  techniques  for  sectioning  these  hard,  brittle  fibers.  Many  advances 
in  microtomy  resulted  from  the  introduction  of  the  Reichert-Jung  I  tra- 
iiiicrotome.  The  knife  angle  can  be  changed  from  a  low  angle  (45  deg.)  to 
a  high  angle  (55  to  60  ceg.),  depending  on  the  specimen.  The  speed  oi 
cut  can  also  be  reduced  to  very  slow.  On  the  average,  one  specimen 
requires  ore  to  three  days  for  cutting.  These  changes  in  technique 
re-ulted  in  the  publication  of  five  papers  (see  Section  3). 

Structural  adhesive  bonding  to  oxidized  aluminum  wire  (surface  treated) 
was  used  to  study  the  adhesi ve-adherence  interaction  at  the  interphase. 
Th ;  method  of  matching  the  hardness  of  the  embedding  media  tc  that  or 
the  specimen  produced  excellent  results  (see  Section  3,  Paper  No.  5). 


Cured  epoxy  resin  was  thought  to  have  a  heterogeneous  morpholcyy 
comprised  of  spherical  entities  in  the  5-50  gm  range  in  a  matrix  o1 
lower  cros:-link  density.  A  combination  of  techniques  was  used  ti 


investigate  this.  TEM  studies  wer?  made  on  (a)  rnicrotonied  sections  botl^: 
unstained  and  osmium-tetroxide  stained  along  with  x-ray  mapping  ot 
osmium  in  the  STEM  (b)  special  replication  techniques  of  unetched  and 
aryon-plasma-etched  fracture  surfaces,  and  (c)  replicas  (special 
techniques)  of  plasma-etched  as-cured  surfaces.  This  combination  of 
techniques  showed  the  heterogeneities  to  be  spherical  and  have  a  size 
distribution  (See  Section  3,  Paper  Nos.  13  and  14). 

In  replicatior  ^nerally  the  surfaces  of  the  cured  samples  or  fraccure 
surfaces,  unetch.  -  or  suitably  etched,  are  exam  'i  in  the  TFM  usin>.  the 
two-stage  replica  method.  The  replicating  fluid  coininnnly  used  is  2:5% 

O  / 

polyacrylic  acid  (MW  •  250,000)  solution  in  water.  ’  dries  to  a 

br.ttle  replica  which  is  removed  by  mechanical  prying  with  h*,.lp  or 

tweezers;  extreme  care  is  required  to  ensure  that  the  replica  is  not 

a 

danageU.  It  has  been  shown''  that  for  fractographic  studies  ot  epoxy 
re:  in,  repl  cation  basea  on  PAA  can  give  rise  to  artitai  '.s;  hence,  it  i. 
neiessary  :>  substantiate  the  results  with  other  evioence,  e.g.,  froi 
thr  SEU.  /tithouyh  the  standard  replicating  fluid  which  conidins  10'. 
ce'lulose  acetate  in  acetone,  gives  a  softer  and  more  .asi  ly  r-.."iovable 
replica,  the  acetone  can  affect  the  surface  of  epoxy  resrn.  To 
circumvent  his  problem,  a  modified  replication  method  was  dovelopeii  and 
is  describeil  here. 

Thi  epoxy  resin  ised  was  EPON  828  (Shell)  which  is  based  on  diglycidyl 
ether  of  B  sphenol-A.  It  was  cured  with  different  amounts  of  meta- 
phenylene  <  iamine,  the  stoichioretric  amount  being  14.5  parts  per 
hundred  parts  btu  weight  of  the  resin.  The  resin  and  the  curing  agent 
we"e  mixea  at  75‘C,  degassed  under  vacuum,  and  then  cast  into 
rectangular  specimens  in  silicone  rubber  molds.  These  were  cured  for  2 
hr.  at  75°(,  followed  by  2  hr  at  125°C.  The  samples  were  immersed  in 
liguid  nitrogen  and  fractured  by  bending.  The  fracture  surfaces  were 
th';n  etched  for  30  min,  iri  a  cold  plasma  using  50-W  power  at  a  flow  rate 
of  about  20  mii/min,  of  argon  gas  and  a  pressure  of  0.5  rim  mercury. 

Th-  plasr.id-ctched  fracture  surface  was  placed  about  13  cm  directly  belovi 
carbon  electrodes  in  a  vacuum  coa  ing  unit,  and  a  thin  evaporated  layci 
of  carbon  w.is  deposited  on  the  surface.  It  was  expecteu  tha  .  this  thin 


carbon  filn  would  not  disturb  the  topography  of  the  fracture  surface  and 
would  act  as  a  barrier  to  the  diffusion  of  acetone  onto  the  epoxy.  The 
usual  replication  procedure  was  then  followed,  viz.,  the  replicating 
fluid  was  applied  to  the  carbon-coated  fracture  surface  and  the  dried 
polymer  film  was  peeled  off.  It  was  noted  that,  in  general,  the  carbon 
layer  remained  intact  on  the  sample  when  the  cellulose-acetate  replica 
was  removed  and  that  the  sample  was  apparently  not  affected  by  acetone. 
Next  a  carbon-platinum  film  was  evaporated  onto  the  replica  at  an  ■^ngle, 
and  the  film  w  upported  by  evaporating  a  ca-^t^on  bese  onto  the  sai  le. 
After  being  mou  d  on  a  grid,  the  cellulose  v^as  removi  by 
dissolving  in  ac  ;tone  and  the  replica  was  examined  in  u  tOL  TEM-IOL  CX. 

In  the  area  of  metals,  many  significant  advances  were  also  With 
increased  interest  in  the  use  of  prealloyed  powder  and  ribboii,  ,-.cn- 
niques  were  required.  The  small  particle  size  resulting  from  the 
pow ’er-produ'.ing  methods  r.akes  it  difficult  to  prepare  nit,  foils  suit- 
ablt  for  stidifs  in  the  TEh  which  is  a  valuable  tool  r  r  judging  tht 
levtl  of  sup'.-rsaturation  achieved  within  a  given  alloy  syste'  an.d  v^ro- 
vidts  information  as  to  the  identification,  distribution,  and  erv  tallo- 
yra, nic  orit  itation  of  the  non-equilibrium  structures  inherent  in  kST. 
The  techniques  whi  :h  were  improved  upon  are:  (a)  nickel  -  plating  t- ..h- 
niques,  (b)  jet  acid  thinning,  (c)  ion  milling,  and  (d)  microtomy.  'he 
application  of  the  various  methods  depends  upon  the  material  used  for 
securing  the  individual  powder  particles  as  well  as  the  base  metal  of  the 
particular  pc wder  type. 

Nickel  Platirig 

Powder  particles  must  be  embedded  in  a  metal  matrix  which  can  be  handled 
in  the  same  way  as  a  conventional  foil.  Therefore,  a  nickel-plating 
technique  was  developed.  A  solution  was  made  of  350  g  nickel  sulphamate, 
cO  g  boric  acid,  and  5  g  mckle  chloride  in  500  ml  of  distilled  H^O. 

A  pure  nickel  anode  was  used  with  the  powder  being  placed  on  a  stainless 
cathode.  The  process  was  carried  cut  at  -60°C  with  no  stirring  at  1  A 
in  me  0  -  jii  V  range  at  100  mA  fur  a  period  of  6  hr.  (see  Fig.  1). 
Ttiis  method  yielded  a  workable  foil  which  could  be  placed  in  the  lori 
Mi  1 1  for  pol i shing. 
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ELECTROPLATING  SET-UP 


FlQure  1.  Nickel  Electroplating  Technique  for  Metal -Alloy  Powders, 
(a)  Electroplating  Set-Up, (b)  PSW  RSR  185  Ni-Ni  Plate, 
(c)  Powder  Distribution  in  3-mill  Disk 
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Jet  Acid  Thinning 


With  the  wide  variety  of  alloys  presently  being  studied,  constant 
changes  are  being  made  in  the  jet-acid  thinning  process.  A  standard 
solution  (200  ml  methanol,  150  ml  butyl  cellusolve,  and  7  -  20  ml 
perchloric  acid)  must  be  modified  daily  according  to  the  alloy  to 
achieve  desired  results. 

To  establish  i  correct  conditions  for  ''lectropol  ishing,  it  is 
necessary  to  obtain  the  voltage-current  relatiot  for  the  electrcii/te 
and  specimen  material  being  used  (see  Fig.  2).  Conditi'-is  are  monitored 
cldMy,  and  desired  results  have  been  obtained. 


Figuie  2.  Schenatic  Representation  of  Voltage-Current 

Characteristics  for  Electropolishing  Solutions 
[Transmission  Electron  Microscopy  of  Metals,  ed. 
Gareth  Tiiomas  (John  Wiley  &  Sons,  Inc.,  New 
York ,  1962),  p.  152 1 • 
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Ion  Mil  liny 


Workable  samples  have  also  been  made  by  ion  milling.  Several  factors 
must  be  considered  if  ion  milling  is  to  be  a  success.  First,  the  powder 
type  must  possess  a  sputtering  rate  comparable  to  or  faster  than  that  of 
the  substrate  material.  A  comparable  sputtering  rate  can  be  achieved 
by  electroplating  similar  materials.  Problems  may  arise  due  to  the 
difference  in  sputtering  behavior  caused  by  a  loyinq  additions  t'  the 
powder.  The  o.  -rence  in  sputtering  rate  du.  +o  material  differe;  ;es 
may  be  advantageous,  for  example,  in  the  pre(  ‘ion  cf  a  thin  '';i1 
curtaining  aluminum  powder  particles.  The  electroplatii  i  of  a  material 
with  a  known  lower  sputtering  rate  within  the  operatioriu.  '  -"ne  of  the 
mining  device  will  result  in  the  preferential  thinning  of  i  ■  ’  'iiriut:; 
pov  der  particles.  lon-nr.  1 1  ing  techniques  combined  with  nii  kel  otitiy 
have  produced  excellerit  results. 

Mi(  otomiriy 

The  micr-otoni  inq  techniques  were  dis.us'.ed  in  detail  priovi  usl/  v;  i '  •  rei'i- 
enc"  to  polymers.  However,  microto niny  has  also  bfu.'O  utilizri  oi,  vai'ir)u', 
pov fers--espec ial ly  aluminum.  The  microtome  process  for  powi  er  invt.lves 
eiiiLeddirig  me  powder  in  an  epoxy  substrate  of  comparable  fiardiie-s. 
Sections  700-8  thick  are  obtained  using  a  diamond  knife  micretome  with  a 
55  -  60  deg.  angle  cutting  edge.  The  artifacts  produced  by  this  method 
are  chattering  I'^nes,  caused  by  the  knife,  and  the  introduction  of 
dislocations  due  to  bulk  deformation  of  the  powder  particles  (st. 
Section  3,  Paper  Nos.  7,  11,  and  12). 

The  above  sample-preparation  techniques  are  used  on  a  daily  basis  in 
routine  analyses. 
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SCANNING  ELiXTRON  MICROSCOPY 
k,  D.  Brodecki 


During  this  reporting  period  3,809  samples  were  evaluated,  with  16,551 
photographs  and  negatives  being  required.  EDS  analysis  was  generally 
requested,  with  digital  Decwriter  print-outs  and  color  photographs  oi 
labeled  spectra.  Included  in  these  efforts  were  sample  preparation, 
carbon  or  gold  palladium  coating  of  samples,  negative  processing,  and 
instrument  rep 

Selected-Area  Channeling 


Instrument  modifications  required  for  selected-area  electror  i,.  -ne]ing 
were  complicated.  After  the  SEM  had  been  vented  and  shut  down  ;nd  the 
pov/er  turned  off,  the  secondary  detector  was  removed.  A  spacer  was 
aotied  to  the  secondary  detector  to  make  room  for  the  eii  tron-channel ing 
detector.  The  right-side  port  plate  was  removed  and  the  rocking  coil 
dSiC'inbly  with  detector  mounted  in  place.  Centering  and  dliqr’'.ti.L  the 
assembly  to  the  final  pole  piece  were  crucial  for  o;hifcvii'i.;  proper 
channeling  patterns.  At  this  point,  cables  were  connected  to  tiie 
rocking  coil  assembly  and  to  the  rocking  control  module  located  in  the 
Mli  bin.  The  next  step  involved  the  alignmerit  procecjure.  The 
adjustments  could  riot  be  used  in  all  cases  to  correct  the  images,  as 
outlined  in  the  procedures.  The  adjustment  on  the  rocking  control 
module  appeared  to  have  little  or  no  affect.  After  set-up  and  calibra¬ 
tion  were  complete,  the  sample  to  be  analyzed  was  inserted.  After 
several  unsuccessful  attempts  to  achieve  the  correct  pattern,  the 
standard  was  re-inserted.  At  this  time  the  channeling  detector  was 
discovered  to  be  defective.  Since  the  technique  is  tine  consuming  and 
difficult  and  limits  the  instrument  to  electron  channeling,  further 
attempts  seemed  unjustified  in  view  of  the  heavy  demands  for  SEM. 

Most  scanning  electron  microscopes  are  equipped  with  an  energy- 
dispersive  x-ray  spectrometer  (EDS),  for  achieving  quantiiative  results 
on  a  smooth-surface  sample  in  a  short  period  of  time.  However,  a  method 
wa-.  requireo  for  achieving  the  same  results  on  a  fracture  sample.  After 


extensive  rtsearcii  it  was  found  that  optimum  results  could  be  achieved 
by  rotating  and  tilting  the  sample,  with  the  sample  being  placed  as 
close  to  the  detector  as  possible  and  at  an  angle  of  'v  30  deg.  Subse¬ 
quent  data  were  of  the  same  quality  as  those  from  a  polished  sample  of 
the  same  material.  Thus,  once  the  correct  angle  relative  to  the 
detector  and  the  correct  degree  of  tilt  have  been  determined,  reliable 
data  can  be  generated. 

New  Equipment  Methods  Developed 

LTtC  Autoscan  Holder 


A  holder  for  1.5-in.  samples  was  devised  suitable  for  use  v.  ETEl 

Autoscan  san.ple  stage.  In  the  past  when  a  mounted  sample  latg..  .,'iari  i 
iri,  was  to  be  txamin  d,  the  sample  was  broken  out  cf  the  i!iou[i;.in( 
material  or  aouble-sideo  tape  was  placed  on  the  bottom  <  ■  the  sample  aoi 
copper  tape  exteiideo  from  the  sample  down  over  the  double-sided  tape 
which  secured  the  sample  to  the  stage  of  the  SEN.  Since  the  toi  d  was 
seldom  secure,  sample  movement,  picture  graininess,  poor  conoucti.jn,  and 
overall  poor  SEM  quality  resulted.  With  the  devel opiheii  of  the  larger 
holder,  such  problems  were  eliminated  ana  the  quality  and  magnitic-; Joi 
cdpabi 1 itiei  of  the  larger  samples  increased. 

Cleaning  Procedure 

The  greatest  hindrance  to  timely  completion  of  projects  was  du’y 
samples.  Inadequate  cleaning  procedures  often  resulted  in  chlorine, 
calcium,  potassium,  sulfur  and  silicon  combinations  being  found  in  or 
around  the  initiation  site,  in  stains  in  various  locations  on  mounted, 
polished,  and  etched  specimens,  or  in  a  film  blanketing  the  surface. 
Thus,  when  attempts  were  made  to  photograph  the  specimen,  charging  and 
burning  oc-.urred  which  created  unusable  photographs.  Also  high 
resolution  could  not  be  achieved.  The  standard  method  uf  etching  the 
specimen  using  sodium  bicarbonate  as  reagent  and  then  methanol  and 
con. pressing  or  hot-air  drying  was  found  to  be  inadequate.  On  fracture 


samples,  the  specimen  after  failure  is  sonicated  in  methanol  and  ther 
compressed-air  or  hot-air  dried--a  procedure  which  was  also  determined 
to  be  inadequate.  In  most  cases  the  elements  mentioned  recrystallized 
on  the  surface  of  the  specimen  instead  of  vaporizing.  To  eliminate  this 
problem  a  longer,  but  more  effective,  procedure  was  introduced  in  which 
the  speciiTien  is  sonicated  in  the  following  agents  to  achieve  proper 
cleaning:  alconox,  acetone,  methanol,  ethanol,  and  freon.  Although  this 
constitutes  a  longer  process,  the  savings  in  SEN  time  is  substantial. 

ELECTRON  riiUROPROBE  ANALYSIS 
R.  J.  bacon 

In  the  SEM  area  emphasis  is  placed  on  microstructura  1  characi^;  '.jiion, 
wish  liiicro' nalytical  techniques  playing  a  secondary  role;  iii  th( 
eh.'Ctri  n  nicroprobe  area,  the  emohasis  is  re.ei  cc.  A  stro: 

iriserattion  between  SEM  and  microprobe  enables  sciennsts  to  achit\'(- 
opLimuHi  results  from  microstructural  and  microanalyti  «,al  LLcrniques. 
A  summary  of  EPMA  support  is  given  in  Table  2. 

TABLE  2 

SUMMARY  OF  EPMA  SUPPORT 

Samples  run  550 

liicrographs  taken  1,120 

X-rays  taken  18,00u  -  20,000 

The  electron  niicroprobe  is  not  used  extensively  for  micrographs  but 
rather  for  x-ray  spectra  using  Energy  Dispersive  Spectrometry  (EDS)  and 
x-iay  counts  using  Wavelength  Dispersive  Spectrometry  (WDS)  with  tuned 
crystals.  The  use  of  backscattercd  electron  imaging  aids  in  the  final 
qucntitativi  analysis,  especially  in  samples  contairiing  alloying 
eltmenis  having  large  differences  iti  atomic  numbers  [for  example,  Ti 
(ai  .  22)  and  Mo  (at.  42)]. 


Many  procedures  have  been  established  for  collecting  data  rapidly  and 
achieving  quantitative  results.  The  benefits  of  rapid  data  collection 
are  as  follows : 

1.  Beam  regulation  -  Although  the  beam  is  stable  for  a  certain  period, 
drift  eventually  becomes  a  problem.  When  standards  plus  thirty  or 
more  points  on  the  sample  are  run,  beam  drifting  begins  and 
quantitative  numbers  drift  as  well. 

2.  Extended  fi ■  lent  life  -  In  order  to  preset  life  of  the 

filament,  it  inusi  be  kept  on  no  longer  chan  necessar/  for  collection 
of  data  mom  standards  and  the  sample. 

3.  Reduced  sample  contam.nation  -  Contamination  r.^ust  be  kept  i- 
niinimum  in  order  t>  avoid  creacioi  of  an  art: ’act. 

4.  Increased  reproducibility  of  x-ray  data. 

Th(  step  following  collection  of  x-ray  data  (either  dig  ta  1  cat  ts  fra. 
WLl  or  spectre  stored  on  cisc  from  EDb )  involves  processing  i he  cata  for 
quenti tat i ve  weight  and  atomic  percent  for  each  element  in  the  sai>le. 
Ln.ferent  procedures  are  required  for  acliievirnj  quantitative  rc-  jits 
us  ng  WDS  and  ED3.  Since  WDS  is  a  digital  count  and  EDS  a  spectrum 
diiplay,  ditferent  computer  progrems  must  be  used  for  processing  data 
f n  111  these  two  techniques. 

The  procedure  for  collecting  WDS  data  is  as  follows: 

1.  Set  condenser  lens  to  desired  specimen  ana  aperture  current. 

2.  Set  beam  regulator  to  ON  and  gc  tlirough  beam- regulating  procedure. 

3.  Check  apertun  current  to  assure  stability  of  the  beam  current. 


5.  Run  sample  and  record  element  peak  counts  for  a  pre-set  counting 
time  period. 

6.  After  analyzing  the  sample,  rerun  the  standards,  as  in  step  4, 
checking  instabilities  in  beam  current  or  drift  in  x-ray 
spectrometers. 

The  procedure  for  processing  WDS  data  is  as  follows. 

1.  Use  the  AFWAL  .Materials  Laboratory  program  c  i  MAGIC.  This 
program  is  straightforward,  and  the  number  of  entrie"  which  must  oe 
punched  into  the  program  each  time  is  kept  to  a  mininiu. 

2.  List,  accelerating  voltage,  elements  in  the  sample  along  witti  r, 

L,  and  M  lines  and  ^.B,  the  number  of  standaras,  the  element  ^or 
which  the  standard  will  be  used,  ai.a  the  percentage  -  cne 
elenient  )  resent  in  the  standard  (for  example,  for  standard  Ti-5A1- 
4V  the  percent  Al  is  6,  percent  V  is  4,  and  percent  Ti  is  ou < .  in 
this  manner,  one  standard  can  be  used  for  three  eleme  ts  or  m.i  any 
one  of  the  throe  elements. 

3.  Enter  tne  peak  and  background  counts  for  standards  and  the  counii/.i, 
time . 

4.  Take  the  peak  and  background  counts  from  the  sample,  and  take  the 
counting  time. 

5.  Once  Steps  1-4  have  been  accorpl ished,  put  peak  counts  into  the 
computer  program  for  each  element;  the  computer  will  print  out  the 
quantitative  data. 


With  the  purchase  of  new  WDS  crystals  and  detectors,  detection  of  light 
elerents  was  possible.  The  results  previously  were  obtained  by  analyz¬ 
ing  the  other  elements  in  the  sample  and  calculating  the  oifference 


be, .ween  that  total  and  100%.  Boron,  carbon,  nitrogen,  oxygen,  and 
fluorine  could  be  detected;  but  detection  of  such  light  elements  is 
sensitive  to  sample  preparation,  and  detection  of  trace  amounts  is  not 
possible. 

The  proc'^dure  for  collecting  EDS  spectra  using  the  Kevex  7000  system  for 
ZAP  Standards  is  as  follows: 

1.  Set  up  *9  ^ 

2.  Establish  ac  ierating  voltage 

3.  Make  element  list 

4.  Run  standards  for  preset  time 

a.  Read  spectrum 

b.  Analy2e  background 

c.  Subtract  background 

d.  Request  results 

e.  EnUr  element 

f.  Request  no  quantitative  results 

5.  SAVE  spectrum  on  disc 

a.  Enter  unit  9 

b.  Enter  general  comments 

c.  Enter  spectrum  ID 

d.  Enter  elements  to  be  included 

e.  Enter  standard  "yes" 

f.  Enter  concentrations  for  element  weight  percent 

The  procedure  for  collecting  EDS  spectrum,  saving  on  Disc  1,  ano 
processing  data  by  ZAP  standards  saved  on  Disc  0  in  the  above  steps  is 
as  follov/s: 

1.  Set  up  element  list 

2.  Run  sample  to  collect  x-rays  from  desired  area  for  a  pre-set  time 
period 

a.  read  spectrum 

3.  STOKE  spectrum  on  Disc  i 

a .  [.nt'  r  Unit  1 

b.  Enti  r  general  comments 
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c.  Ltiti-r  spectrum  I!i 

d.  Lnier  elements  to  be  incluued 

e.  Lnter  standard  “Ko" 

4.  Repeat  above  procedure  for  the  number  oT  spectra  required  for 
analysis,  storing  these  on  Disc  1  for  future 

5.  Process  datfl  into  weinh'  oercent  and  itoi'i..  cnt  totalir  q  100";  ^  . 

Automatic  command  files  (ATO's)  are  provided  to  allow  the  user  to 
perform  con, .a  nd  analysis  sequences  autoniaT  i ca  1  ly .  This  feati  !  is 

particularly  ust  <1  when  command  sequences  mus  ""  repeated  during,  thi 
an.ilysis  of  spectra  obtained  from  specimens  ci  siisiiar  ccir,posi  t  on. 
ATi/s  are  set  up  by  recording  the  commands  iiivolveu  hp  analysis 
se  lUence.  The  following  ATO  program  consists  of  18  ccmmano,. 

].  SET  LA:  Establis'es  the  number  of  spectra  to  be  analyzed.  Tiie 
maximur,  number  of  spectra  which  can  be  processed  i.  3;. 

k  SET  ID:  Enters  the  name  (ID)  for  each  spectrum  to  oe  anal  zeo  troi: 
Positirn  p  to  Position  31. 

3  RON'  ,nn :  Records  a  named  ATO  file;  RON  must  be  foil  wi  c  oy  coiiii.ia 
and  the  name  of  the  file  being  recorded. 

p  RCL:  Recalls  spectrum  and  associated  parameters  from  disc. 

5.  Deletes  all  marker  lines,  painted  regions,  end  overlays  ti  mi 

video  cisplay. 

6  ESC  (Escape);  Removes  all  spectrum  escape  peaks  and  restores 
escope-peak  energies  to  parent  energy  peaks. 

7.  BKA:  Perfon.ts  automatic  background  analysis. 

8.  BKS:  Removes  analyzed  background  from  spectrum. 

9.  RES:  Obtains  the  results  of  synthesis;  extracts  and  prints  out  net 
peak  intensities. 

10.  ALL :  Stores  all  elements  in  the  element  list  when  opectrum  is 
stored. 

11.  ENTER:  Continues  analysis  of  synthesis  active. 

12.  y  (YES):  Yields  quantitative  results. 
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13d.  (C jantitati ve  correction  methods  for  bulk  analysis):  Uses 
MAGIC  V  to  correct  for  matrix  effects.  Z  -  atomic  number,  A  - 
absorption,  or  F  -  fluorescence  (requires  reference  standards  of 
known  composition). 

13b.  APP  (Approximate):  uses  ZAF  corrections  via  MAGIC  V  for 
standardless  analysis. 

14.  ALL:  Quantitatively  analyzes  all  elements  on  the  element  list  when 
the  spectrum  is  saved. 

15.  J.:  Enter,  e  number  adjacent  to  the  standard  to  be  used  for  Z/^F 
calculation!  of  known  compositions. 

16.  SETPO:  (Set  position  command):  Enters  the  spectrui-  position  which 
will  be  recalled  firn  t.  SETPO  can  be  advanced,  one  ,  it  ion  at  a 
time,  by  using  the  "  key. 

17  LOOP:  Causes  the  system  to  return  to  the  first  ATO  cuiiimati.i  nu 
repeat  the  arabsi.  tiequence  up  to  32  times,  uepondino  on  ;t1  Lh 
and  SET  iU. 

U  ^_F  (Record  off):  Terminates  recordimj  of  autoniatii.  tile. 

mt  er  ari  ATO  file  has  been  established,  AT0,nn  is  t:yp>  f  to  too  cute  i 
ric  ed  ATO  file  anu  ATO  is  typed  to  execute  an  unnamed  ATO  file.  Once  ai 
AT  I  file  hi.s  been  activated,  it  will  perforin  the  atidlysis  sequence 
automatically  for  up  to  32  spectra  with  a  running  time  of  "  F  hr.  As 
each  of  th^.  32  spectra  are  recalled  from  Disc  1  and  the  analysis 
SP'  uence  of  the  ATO  program  is  performed,  the  quantitative  weight  and 
at  mic  percents  are  printed  out  on  computer  paper  to  provide  a  per¬ 
manent  record  of  the  data. 

Un  il  recen  ly,  peak  overlap  was  a  serious  problem  in  analysis  of  EDI 

do  a.  For  example,  overlop  in  the  Til,  anc  VK  peaks  increased  the  peal 

p  a 

he  ght.  New  progranis  have  been  written  to  improve  the  cccuracy;  peal 
(T  Kp)  is  fubtra  ted  from  peak  (''K^'  and  the  remaining  peak  (VK^)  i: 
an  lyzed  qu-ntitati vely . 
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IlL  .'ALLOGkAPI  Y,  PHOTOGKAPHv,  AND  HEAT-TREATMtNT  LABORATORiEb 
E.  Harper 

Support  efforts  in  the  areas  of  the  metallography^,  photography,  and  heat 
treatment  are  summarized  in  Table  3.  Descriptions  of  the  techniques 
developed  and  research  efforts  conducted  are  presented  below. 


TABLE 

SUMf-IARY  OF 

3 

SUPPORT  Al  VITIES 

Metallography 

Heat  Treatment 

Samples  Prepared  3,489 

1,072 

Photographs  Taken  5,249 

It  ■ 

Slides  Mide 

cx> 

Pt  ints  f ide 

4  X  b  prints  (39,781) 

5  X  7  prints  (219) 

Li  X  10  prints  (1,592) 

Li,f  /2 

Hi^cellaneous 

2,5 '.6 

hew  Equipment 

llUricon  Computer  Controller 

In  the  characterization  of  materials,  complex  heat  treatments  are 
frequently  '’ecuired.  An  example  of  a  typical  work  order  for  hea* 
treating  0.;j75-diam.  tensile  specimens  follows;  7  TLP  bond  cycles  at 
L’OfO°F  for  12  hr.  under  high  vacuum  (maximum  cool-down  rate  =  hO'^F  per 
15  min.  down  to  1325°F),  followed  by  precipitation  heat  treatment  of 
13?5°F  for  b  hr.,  cool  at  100°F/hr.  maximum  to  1150°F  for  8  hr.,  anc 
then  furnace  cool. 

With  the  aid  ol  the  Micriton  Computer  Controller,  the  TLP  bond  cycle  with 
precipitation  heat  treatment  was  carried  out  extremely  accurately  with 
only  a  A-ruarinr.  set-up  tii  e;  27  manhr.  was  required  for  the  remainde  r  nf 
the  heat  .reatment.  Wi  hout  the  controller,  236  manht .  would  hav* 
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been  required  and,  with  the  furnace  under  manual  control,  the  operator 
could  not  have  accurately  controlled  the  heating  and  cooling  rates. 


New  Techniques 

The  following  new  techniques  were  formulated  in  the  Metallography  Lab 
during  this  contractual  effort. 

Volume  Sample-;  paration  Method  with  Automet 

Several  li-in.  mounted  samples  were  submitted  for  preparation.  Witf  Lht 


common 

procedure,  8  hr.  was  requireo  for 

preparation 

six 

samples. 

The  person  submitting  the  samples 

was  instructed  in 

the  so 

of  th< 

Automet 

and  a  procedure  for  his 

samples  i 

establ i shed. 

Six  T 

O' 

1 

> 

specimens  were  mounted  in  U-in.  Lpomet  and 
for  the  Automet,  and  the  following  procedure 

placed  in 

was  follow 

a  spec  id 

;d : 

1  holder 

sr^ 

ABRASIVE 

TIME 

(min) 

PRESSURE 

(lb) 

SPEED 

LULPiSANT 

1 

120-grit  SiC 

3 

40 

low 

H  .0 

> 

240-grit  SiC 

3 

50 

1  ow 

h‘.o 

.3 

320-grit  SiC 

3 

40 

low 

HO 

•1 

400-grit  SiC 

3 

40 

low 

h',U 

■ 

600-grit  SiC 

5 

45 

low 

h\o 

0 

6-m  Diamond  paste 

3 

40 

low 

oil 

I 

0.05-vi  Alumina  slurry 

1 

30 

low 

oil 

In  the  above  procedure  most  of  the  variables  can  be  ccntrolleo,  e.g., 
flatness,  pressure,  speed,  consuniables  used,  and  time.  With  this  pro¬ 
cedure  sample-preparation  time  was  reduced  to  2]  min.  ^as  compared  to  8 
hr.)  and  the  desired  quality  maintained. 

Polishing  Method  for  Unusual  Contour-Shaped  Specimens 

Six  Inconel  fatigue  samples  having  an  unusual  contour  shape  were  sub- 
I  itted  for  polishing.  A  new  polishing  locthod  was  designed  to  pr-ovidii 
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the  desired  finish.  A  part  for  the  drill  press  was  designed  and 
fabricated  to  hold  a  1-in.  polishing  head.  A  10-lb.  load  was  applied 
to  the  sample,  while  the  sample  was  rotated  by  the  operator.  SiC  grit 
papers  and  final  polishing  cloth  were  cut  to  fit  on  this  polishing 
head.  The  sample  was  ground  to  a  600-grit  SiC  finish,  intermediate 
polished  on  microcloth  with  6-iJ  diamond  paste,  and  final  polished  on 
microcloth  with  1-u  diamond  paste. 

Chemical -Attac  'olishing 

An  attack-polishing  procedure  was  formulated  for  metals  having  large 
hardness  differences  in  the  phases  of  the  metal  matrix,  fallowing 

piocedure  was  formulated  specifically  for  Ti  with  40^  additii  W: 

1  Grind  lamples  to  a  600-grit  SiC  finish. 

2  Intermediate  polish  on  red  felt  cloth  with  6-u  dian.^nd  paste. 

S  Final  polish  on  microcloth  using  G.5-u  chromic  oxide  in  a  solu¬ 

tion  of  HF. 

Se/eral  variations  of  this  method  were  formulated  for  a  variety  of 
alloys  exhibiting  similar  characteristics. 

Vclume-Sample  Preparation  of  Ni-Base  Superalloys 

The  following  metal lographic  technique  was  developed  for  preparation  of 
Ni-alloy  samples: 

t>TEPS 

1.  Section  sample  by  means  of  diamond  saw. 

2.  Encapsulate  material  in  1-in.  mounts  with  Eponet  molding 
compound. 

3.  Place  six  encapsulated  specimens  in  the  1-in.  Automet  holder. 

4.  Place  8-in.  120-grit  SiC  disc  on  Automet;  grind  on  high  speed 
at  50  psi  with  water  lubrication.  Section  fur  2  min.  or 
until  all  samples  are  flat. 
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1.  Gi  ind  sdwple  2  i.iin.  on  8-in.  180-,  240-,  320-,  40G-,  dnd 
600-grit  SiC  discs  at  50  psi,  cleaning  sample  between  stages 
of  SiC  grits  to  prevent  contamination. 

6.  Place  8-in.  nylon  cloth  on  Automet;  charge  with  6-y  diamond 
paste;  polish  sample  2.5  min.  at  50  psi  with  Metadi  fluic 
lubrication  on  high  speed. 

7.  Clean  sample  in  ultrasonic  cleaner  in  solution  of  methanol 
for  2  min. 

8.  Placf  -in.  microcloth  on  Automet;  charge  v.ith  0.5-y  chroiiiic- 
oxide  '  lurry;  polish  2  min.  on  low  sp^  i  and  then  2  min.  dt  3L 
psi . 

9.  Repeat  Step  7. 

10.  For  a  scratch-free  surface,  place  sample  in  vibrai.  /  polisher 
on  microcloth  in  a  0.05-u  Alumina  slurry  on  iiigh  for  o  mi. 

Volume  Simple  Preparation  of  R,‘T  and  LD  Fibers 

The  followiig  techniqut  was  developed  for  the  prepare, un  oi  'i-allo> 

kST  and  LD  fibers  using  the  Automet  polishing  system; 

STEPS 

1.  Mount  sample  in  finely  ground  1-in.  Eponiet  mounts. 

2.  Place  mounts  in  Automet  1-in.  holoer. 

3.  Grind  sample  for  2  min.  (or  until  flat)  on  8-in.  600-grit 
SiC  disc  at  40  psi  on  high  speed. 

4.  Intermediate  polish  or.  8-in.  red  felt  cloth  charged  with  G-p 
diamond  paste  and  lubricate  at  40  psi  and  high  speed  for  2.5 
min. 

5.  Final  polish  on  8-in.  microcloth  charged  with  0.5-ii  chromic- 
oxide  slurry  at  20  psi  on  high  speed  for  1.5  min. 

NOTE:  Samples  must  be  ul trasonical ly  cleaned  between  stages  of 

grinding  and  intermediate  and  final  polishing  to  prevent 
cor.tamination. 


Electropolishing  to  Remove  Residual  Surface  Stress 

Ti-6246  threaded  tensile  specimens  were  submitted  for  preparation  of 
the  surface  to  a  mirror-like  and  scratch-free  condition.  An 
electrolytic  polishing  method  was  to  be  used  to  remove  residual 
surface  stress  (see  Fig.  3).  A  curve  on  removal  of  residual  surface 
stress  in  Ti-624fi  was  obtained  from  a  paper  by  Paradee.^  The  curve 
shows  that  remov .  ig  0.38  mm  of  material  by  electrolytic  polishing 
renders  the  sample  free  of  residual  surface  stress  (see  Fig.  4). 


Figure  3.  Short-Crack  Fatigue  Samples,  As-Received  and  After 

Removal  of  0.38  mm  of  Material  by  Electrolytic  Polish. 
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Figure  4.  Residual  Surface  Stress  Measured  on  Carefully  hiilh- 
Ti-6246  Surface  as  Function  of  Depth  of  Material 
Removed  b}  Polish  (from  Ref.  6). 


■H'Cause  of  the  odd  shape  of  the  sample,  the  following  unique  electro¬ 
lytic  polishing  system  was  designed.  An  electrolytic  polishing  cell 
was  made  from  a  100-ml  Pyrex  beaker  placed  in  an  insulated  magnetic 
stirring  bowl  which  contained  0.5  gal.  of  methanol.  A  Teflon-coated 
magnetic  stirrer  was  placed  in  the  Pyrex  beaker  which  had  been  filled 
with  60  cc  perchloric  acid  (60‘),  590  cc  methanol,  and  350  cc  butyl 
cellusolve.  The  threaded  ends  of  the  specimens  were  coated  with 
Miccrc-stop  lacquer  to  prevent  the  electrolyte  solution  from  polish¬ 
ing  tt!e  threads.  Liquid  nitrogen  was  poured  into  the  methanol  bath 
to  mamu.in  the  temperature  of  the  electrolyte  at  -40"C  ?  5''C.  The 
rheostat  on  the  magnetic  stirrer  was  placed  in  the  half-open  position 
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Figure  5.  Microj'U  ■”  t’  .ii.r,  ■  M  ■  r  :T  ,  ncture  of  Ti-6246 
After  L  i t  (  i  r  i .  i  ,■  t  ,  I  (  ;  ;  ‘i.njni  i  i  ration  60>'  under 
polar  I  zed  ;  t  gu 
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mdtiudJ  polishing  methods  were  inpractical.  Therefore,  the  following 

electrolytic  polishing  system  was  developed. 

A  polishing  cell  made  from  a  1000-nil  Pyrex  beaker  was  placed  in  an 
insulated  magnetic  stirring  bowl  containing  0.5  gal.  methanol.  A 
Teflon-coated  stirrer  was  placed  in  the  Pyrex  beaker  which  had  been 
filled  with  60  cc  percholoric  acid  (60%),  590  cc  methanol,  and  350  cc 
butyl  cellosolve.  Parts  of  the  sample  which  were  to  remain  unpolished 
were  coated  w,’  ‘iiccro-stop  lacquer. 

Liquid  nitrogen  was  then  poured  into  the  meinanol  b.jth  fo  ridii.t-ait, 
electrolytic  temperatures  at  -40‘'C  i  5°C.  The  rheostai  "ht'  r.iagneti' 
stirrer  was  placed  in  the  half-open  position  to  achieve  u'  agita- 
tii.n.  A  cathode  was  made  from  a  flat  piece  of  stainless  :c\  aric 

pi.  ced  in  the  beaker.  A  fixture  to  hold  the  specimen  or  anode  was  aim 

ma  e  from  stainless  steel.  The  specimen  was  electrnl> -ical  ly  polish.. .. 

fo  15  min.  at  50  VbC-3  an.ps  which  produced  a  mirror  finish. 

Ell  ctropol  isiiing  Technique  for  Large  Ti-10-2-3  Samples 

Ti- 10-2-3  samples  which  had  been  subjected  to  various  heat  treatrentj 
weie  submitted  for  preparation.  Electropolishing  was  chosen  becauae  of 
the  difficulty  which  had  been  encountered  in  attempts  to  reveal  the  fine 
cieiails  in  the  matrix  by  mechanical  polishing.  The  following  method  was 
foMiiulated  and  applied. 

A  polishing  cell  made  from  a  1000-inl  Pyrex  beaker  was  placed  in  an 

irnulated  magnetic  stirring  bowl  containing  0.5  gal.  metfanol.  A 

Te: lon-coatt d  magnetic  stirrer  was  placed  in  the  Pyrex  bsaker  which  hco 
hei  n  fillec  with  60  cc  perchloric  acid  (60'«),  590  cc  methanol,  and  3bo 
lc  butyl  cellosolve. 

Imuia  nitruger  was  poured  into  the  methanol  batli  lo  iiiaini-airi  th 

ell  etrolyte  temperature  ai  40°C  ±  5°C.  The  rheostat  was  qlaced  in  thi 

hd  f-open  pisition  to  achieve  med  uni  agitation.  A  large  ^lat  piecx-  q? 

Ti-lO-L-3  w.  s  used  as  a  cathode.  .•  commercially  pure  Ti  red  wat  weldei; 


onto  the  anode  to  permit  positioi  ing  in  the  electrolyte.  Parts  of  th<. 
specimen  not  requiring  polishing  were  coateo  with  Miccro-Stop  lacquer. 
Samples  were  electrolytical 1y  polished  for  12  min.  at  52  VDC,  4  amp;  and 
excellent  results  were  achieved. 

Special  Lighting  Techniques  to  Enhance  Macro-grain  Contrast 

Large  polished  and  macro-etched  Ti-10-2-3  samples  were  indcrophotocraphed 
at  approximate  a  i;l  ratio  to  reveal  the  differences  in  grain  cc;  .  ast 
and  other  fine  -"^tails.  The  MP-1  camera  was  in  conjonctior  witr 

siecial  lighting  techniques,  and  several  high-quality  oiiotographs  we-i; 
oltained  (see  Fig.  6). 

^ aluation  of  Automatic  Polishing  and  Grinding  Systems 

E.  Harper  \isited  the  lacility  of  Loco  Curpcration  :(.  a  ceiunstraL: 
o:  the  P-lUO  automatic  grinoer  and  P-2CC  autoi'.atu.  ^'Hshci.  Twcl  . 

Ml  uited  Ti  f.-owuer-metal  samples  from  the  AFWAL  Material-  l:... 
u:  ad  tor  the  demonstrdti  oii .  These  samples  were  gi'ound  id  pul:  --d  in  ■ 
iii  i’.  (;f  machine  time.  Although  the  machine  performte  weii,  it  in,: 

1  ■  i;ii  totions  relative  to  the  i.umber  of  specimens  which  coal.]  : 

ac  coDiii.oduted ,  the  pressure  limit  of  150  psi  on  grinoii.g,  enc  th-  .  i  , 
high  probability  of  directional  polish  which  can  be  attributi-d  to  tiiu 

design  of  the  machine. 

E.  Harper  also  visited  the  facility  of  Buehler,  Ltd.,  for  a  dei"'- 
st ration  of  the  new  Maximet  polisher  and  grinder.  Twenty-  Four  mounu  'i 
T  powder-i.ietal  samples  from  the  AFWAL  Materials  Laboratory  were  as(  d 
fir  the  demonstration.  These  samples  were  ground  in  only  b  i.iin.  iF 
nit  chine  time.  The  strong  points  of  this  machine  are: 

1.  The  powder  diamond  lapping  system  uses  no  polisfirnj  cloths  dod  . 

less  expensive  diamond  compound. 

2  Grinding  and  polishing  can  bi  ii';j'l eiiiented  on  tiic  Sfcs  'dctiMu.. 

3  Twenty -Tour  samples  Cun  be  gruund  and  polished  i  ,  on;/  b  i.i.  . 
of  machine  time  (as  compared  to  2-3  hr. /sample  ter  manudl  lechanti.  1 
polish  . 

I'.l 


Figure  6.  (•)  T1-10V-lFe-3A1  Microstructure  Revealing  Deforwed  Grains 

in  Matrix  (30X  Reduction)  at  925'’C.  Magnification  4x 

(b)  Recrystal  1 ired  Grain  Structure  Superimposed  with  Image 
of  Original  Deformed  Grain  Structure  in  Annealed  and 
Quenched  Specimen.  Magnification  4x 

(c)  Recrystallized  Grain  in  Annealed  and  Quenched  Specimens 
After  Removal  of  Deformed-Grain  "Ghost"  Boundaries. 
Magnification  4x  . 


4.  Samples  up  to  Il-in.  section  can  be  ground  and  polished  unmounted. 

5.  Savitigs  in  consumubles  alone  would  pay  for  the  machine  in 
approximately  1  yn. 

Of  the  two  systems,  the  Buehler  machine  was  determined  to  better  fit  the 
needs  of  the  laboratory,  and  the  recommendation  was  submitted  to  the 
contract  monitor. 

SPtCIAL  PkOJEi 
A.  Jackson 

PenJant  Drop  Melt  Extraction  (POf-tE)  Ti  Ribbon 

To  characterize  the  riicrostructures  of  rapidly  solidified  alloy,  ;  nUHL 
app.jratus  was  constru  tec  by  SRL  personnel.  This  capability  chows 
preparation  of  RST  ribbon  of  A1  and  Ti  alloys  u.ider  vur  :us  cooling  tait 
cor.Jiticns. 

The  apparatus  consists  of  a  2LiO-mm-  (8-in.-)  diam.  Cu  w.  eel  ur;  .‘,  r  by  c; 
var  iable-speec  motor  (500-10,000  rpni;  through  a  belt  urive  ai.o  nigh- 
vacuum  feed-through.  The  rod  to  be  melteo  is  lowered  V, j  a  screw  dtivi 
to  a  position  immediately  above  the  wheel,  which  is  oriented  witi  tne 
rotational  axis  perpendicular  to  the  rod.  A  hot  filament  for  providing 
electrons  is  located  around  the  tip  of  the  rod,  and  a  negative  acceler¬ 
ating  voltage  of  up  to  2  kV  at  1.5  ADC  is  applied  to  the  filament. 
Power  of  3  klJ  (max)  is  sufficient  to  liquify  a  Ti  rod  of  less  than  13-m. 
(1/2-in.)  diam. 

The  design  of  the  apparatus  is  based  on  published  descriptions  of  PDIiE 
systems  built  by  Battelle  and  descriptions  provided  by  Battelle 

personnel  during  visits  to  their  Co'umbus  laboratories.  The  SRL 
apparatus  is  simpler  in  design  since  it  does  not  include  a  water  cooled 
wheel,  uses  a  belt  drive,  and  incorporates  a  unique  filament  assembly 
which  reduces  the  power  required  to  melt  material.  The  filanietit 

assembly  consists  of  a  W  wire  fonned  into  a  partial  circle  to  surround 
the  materia'  to  be  melteo.  An  electron  reflector  is  provided  adjacent 

to  'he  filament  to  increase  the  beam  current  to  the  material.  When  the 
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refJecto'  was  used,  a  significant  reduction  in  the  power  required  tr 

melt  material  was  noted.  The  "V-shaped  reflector  is  mounted  to  one 
of  the  filament  terminals,  with  the  "V"  opening  being  toward  the 
filament  (Fig.  7).  Various  reflector  geometries  are  possible,  depending 
OP  the  filament  size.  Simple  "V"  shapes  have  been  used  as  well  as 

curved  shapes  which  approximate  the  filament  geometry.  The  vacuur; 
system  used  is  a  457-mm-  (18-in.-)  diam.  glass  bell  jar  diffusion  pumped 
to  X  10’'^  Pd  (5  X  10'^  Torr). 

The  power  supp  employed  for  the  filament  a  standard  12-V  auti 

bdi.tery.  /''Ccelerating  voltage  is  provided  by  a  special  ly  des  ^nec 

vaiiable  DC  voltage  circuit  (full-wave  rectifying  i.  i  ballast  for 
current  surges).  Commercial  power  supplies  with  short-c.  .it  Marge 
current  limiter)  features  to  protect  the  circuit  against  arcn  ..utw-ei 
th''  filarnert  and  gi'c.nd  were  unavailable.  The  aesign  used  ooes  no: 
Tuily  pretent  against  high-speed  arcing,  but  slow  chutigi  s  in  current  am 
haidleo  by  the  ballast  larps. 

RCFLECTOR 

O  FILAMENT 

(a) 


(b) 


Figure  7.  Schematic  Diagram  Showing  Filament  Assembly  Used  in  PDME 
Apparatus,  (a)  Side  View,  (b)  Three-Quarter  View, 
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Ribbon  wds  .iiade  from  CP  Ti  rod  using  various  wheel-rotational  speeds  iri 
order  to  observe  the  effect  on  the  niicrostructure.  Micrographs  of 
ribbon  cross  sections  for  various  speeds  are  shown  in  Fig.  8(a)  -  (f). 
As  expected,  the  faster  the  wheel  speed,  the  finer  the  microstructure. 

Tangential  velocity  as  a  function  of  rotational  speed  is  plotted  in  Fig. 
9.  The  tangential  velocity  is  a  measure  of  the  cooling  rate  since  the 
licjuid  solidifies  while  in  contact  with  the  wiieel  ,  at  low  speed';,  and 
experiences  a  rge  temperature  drop  at  higher  speeds,  re 

solidification  i  /  be  completed  after  the  mai  '  '1  leaves  the  wi  el . 
Since  the  time  during  which  the  material  is  in  contac?  with  the  w.ieel 
decreases  with  increasing  speed  and  since  the  contact  aie  assumed  to 
be  constant,  the  coding  rate  is  proportional  to  the  whet  i  /C  thi 
ex<  ct  cependence  beirc.  alloy  dependent. 

Lxi  eriner.tal  ly  the  measurable  quantities  are  the  nob  ■'  ttiickness  a:  ■. 
wi( th.  Ihrcugh  heat-flow  considerations  tne  thickness  l,:s  been  shown  t 
be  proportional  to  tiie  inverse  square  root  of  the  cooling  -j  ..  Ihus, 
niei  surement  of  thickness  as  a  function  of  speed  wos  exp  cteo  t<.  yield  o 
cu  ve  which  could  be  used  to  relate  wheel  speed  co  coding  rate.  The 
pli  t  of  thickness  as  a  function  of  wheel  speed  (Fig.  10),  however,  tias  u 
siuiificant  amount  of  scatter,  which  is  interpreted  to  arise  from  i  r^u- 
sitnts  iri  the  solidification  process.  As  a  result,  the  specimens  usee 
dio  not  represent  an  acceptable  sampling  of  the  ribbon.  Hence,  addi- 
citiial  ribbor.  must  be  generated  which  represents  stable  solidification. 


(c)  (d) 


Figure  8.  SEM  Micrographs  of  CP  T1  POME  Ribbon  Produced  at 
Various  Rotational  Speeds,  (a)  1400  RPM, 

(b)  2000  RPM,  (c)  2100  RPM.  (d)  2850  RPM, 

(e)  3000  RPM,  (f)  3600  RPM. 
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data  arcsf:  from  sail'd  iiu  of  rihhr.i 


V^'peb  of  Coolifig  in  Ribbon  Produced  by  Rapid-Sol  iditication  Tpchnolog  ' 
(RST) 


The  cdSfcb  for  Ideal  (Infinite  heat  transfer)  and  for  ^ewton^cn  (low  h<'dt 
transfer)  cooling  in  RST  are  considered  by  Ruhl^  in  terms  of  a  number  of 
,‘xperimentdl  variables. 

An  important  number  referred  to  by  Ruhl  and  many  other  authors  who 
-onducted  sl.  '  ^uent  studies  is  the  Nusselt  number 

Nu  =  hd/k^. 


/hert 


h  =  thermal  tr  nsfer  coefficient  {cal,'cni^-sec.-“c) , 

d  =  splat  thickness  (cm), 

k^  =  thermal  conductivity  ( :al/cm-‘^C-S(,‘C. ). 

,uhl  shows  that  for  Nu  •  0.015,  cooling  is  Oewtti.idn;  /hii.  i  ■  l>u  > 
ooling  i'„  Ideal.  He  provides  a  table  of  Nu  values  ror  o.i  e 
ubstrates,  which  indicates  that  Newtonian  and  intermediatt.  e-olii  ,  a  (• 
cminant  for  this  metal. 

fn  Table  4  values  of  Nu  for  Ti  (Cu  substrate  assumed)  are  given.  Tht 

-4  t  0 

umbers  iiiaicate  that  for  d  <  10  cm  and  h  <  1  cal/cm  -  C-sec., 
tetwonian  cooling  can  be  expected  to  dominate.  For  h  >  1  and  d  >  10“', 
intermediate  and  Ideal  cooling  dominate.  For  splat  or  POME  process!  , 
the  thickness  range  is  frequently  10  u  to  100  -  200  a  and  h  is  greater 
than  1,  since  solidification  occurs  in  a  high-conductivity  substrate. 
Thus,  for  Ti,  intermediate  and  Ideal  cooling  are  expected  to  dominate 
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TABLE  4 

NUSSELT  NUMBERS  FOR  VARIOUS  VALUES  OF 
HEAT-TRANSFER  COEFFICIENT,  h.  and  THICKNESS,  d 


TABLE  5 

DIMENSIONLESS  TIME  AS  A  FUNCTION  OF  h  AND  t  FOR  Ti  A,  ;<  A1 


tl  h/i 


1 

o 

_5 

10  ^ 

o 

1 

5.6  x  10'^ 

1 

o 

X 

5.6  X  10 

5.6  X  10"^ 

5.6  X  10'^ 

5.6  X  10 

1 

1 

5.6  X  10  ^ 

5.6  X  1  1 

5.6  X  10 

5.6  X  1  5, 6  X  10' 


5.6  X 


3.25  X  10"^  3.25  X  10’^  3.25  x  lO"^  3.25  x  10"^  I  3.25  x  10 


3.25  X  lO"'^  3.25  X  10'^  3.25  x  lO"^  3.25  x  10’^  3.25  x  1 


3.25  X  10"^  3.25  X  10'^  3.25  x  10  3.25  x  10^  3.25  x  10^ 


A:i  al terrid i:i ve  approach  to  consioering  the  effect  of  various  parameters 
on  solidification  is  the  use  of  a  reduced  solidification  time  or  dimen- 

g 

sionless  time,  in  the  manner  of  Katgerman, 

T  =  h^  at/kf 

where  h  =  heat-transfer  coefficient, 
a  =  k^/p  Cp, 

=  tht  mal  conductivity, 
p  =  do.  y, 

Cp  =  spe..  I  fie  heat, 
t  -  real  time. 

I  Table  5,  t  for  various  values  of  h  ana  t  for  li  and  /.  r,. 

T  e  difference  in  i  between  the  two  metals  is  about  one  ■  :  i ,  r  oi 
ri.  gnitude,  Al  possess. ng  the  shorter  times.  Hern  ■,  fr’  i.i  thi,  tables, 

/•,  is  expected  to  solidify  in  shorter  times  and,  thea,  shuuld  be  easier 
t  solidify  rapidl>  than  Ti,  and  z)  the  thickness  of  -ibbi  s  ,hsulc 
li  ss  sensitive  to  operating  parariieters  than  in  the  cast  or  i. 

Ii  the  PDME  method  and  in  splat  cooling,  high  thermal  transfer  is  beirnj 
ured  experimentally,  which  means  large  values  of  h.  The  assui.pii  ■  has 
been  that  as  much  heat  as  quickly  as  possible  must  be  extracted  by 
ir.ipinging  the  melt  onto  a  high-thermal-conductivity  substrate  such  as 
Cl.  Hence,  conditions  are  established  to  approach  Ideal  cooling;  but 
fiequently  reported  cooling  rates  are  based  on  Newtonian  cooling  esti- 
mttes.  Katgerman  predicts  that  the  larger  the  dimensionless  time,  tt.c 
closer  to  Ideal  the  cooling  and  the  lower  the  cooling  rate.  For  short 
times,  the  rate  is  a  constant.  This  is  in  direct  opposition  to  Ruhl's 
werk  which  shows  ideal  cooling  to  be  associated  with  short  solidifica¬ 
tion  times  and  high  cooling  rates.  The  contradiction  can  be  resolved 
if  Katgerman 's  Fig.  2  is  redrawn  with  the  intermediate  cooling  curve 
atove  the  Ideal  and  Newtonian  lines  (See.  Fig.  11).  In  this  interpre- 
tition  for  long  solidification  times,  Newtonian  cooling  at  a  constant 
r<  te  dominates;  while  for  very  short  times.  Ideal  cooling  dominates, 
w  th  the  rate  being  proportional  to  ]/zt.  Experimental 1y  this  inter- 
pietation  seems  to  fit  the  observations. 


DIMENSIONLESS  TIME 


Figure  11.  Plot  of  Cooling  Rete  vs.  Time  for  Dimensionless 
Variables  Used  by  Katgennan  (Redrawn  Fig.  2  froi 


Applying  this  interpretation  to  the  values  in  Table  c,  it  is  appartni 
that  A1  has  a  higher  cooling  rate  than  Ti>  assuming  the  same  conditioris 
for  the  two  alloys.  Thus,  if  high  cooling  rates  for  Ti  are  desirec 
(about  the  same  as  those  for  A1 ) ,  then  solidification  times  for  Ti  must 
be  shorter  by  about  a  factor  of  10,  making  RST  Ti  more  sensitive  to  the 
operating  conditions  prevailing  in  the  RST  method. 

In  any  case  the  use  of  high-thermal-conductivity  substrates  tor  Ti 
alloys  will  "ease  the  solidification  time  and  lead  to  nioro  .  /(.I 

structures;  ht.  er,  other  effects  then  becom.  -ei.ftant,  such  (,.s  .is- 
cosity  of  the  i.,elt,  substrate  teiaperature ,  sptcu  u*'  tt,"  substratL.  ,.i 
(for  PDNt)  mass  transfer  from  the  melt  to  the  ribbon. 

For  the  case  of  Ideal  cooling,  Katgerman  has  given  the  veloci  .  '  tru. 

solidification  front  s 

Vg  =  Y»T7/t. 

where  Y  is  found  numerically  from 

Y  exp(Y^)erf(Y)  =  (Tj.  -  To)Cp/H»m, 

Tm  =  n.elt  temperature, 

Tg  =  substrate  temperature, 

Cp  =  specific  heat  of  the  melt, 

H  =  heat  of  fusion/unit  mass  of  melt. 

As  increases  and  time  decreases,  the  Ideal  cooling  condition  , 
approaclied,  but  momentum  effects  in  the  solid/liquid  interface  my 
alter  the  results  which  can  be  expected  when  no  momentum  layer  is 
assumed,  i.e.,  when  there  is  no  drag  on  the  liquid  as  it  moves  away 
from  the  source.  These  momentum  effects  relate  to  the  expected  thick¬ 
ness  of  the  ribbon.  The  thickness  of  the  ribbon  with  no  n'crrentum 
layer  is  given  by 

d  =  V^t, 
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wtiile  that  of  the  ribbon  with  a  iriomentuni  layer  and  Ideal  cooling  io 
given  b> 

d  =  V^t  +  C/^, 

wiiere  C  =  constant  between  1  and  10 

V  -  kinetic  viscosity  =  viscosity/density. 

Oi  the  basis  ^he  foregoing  considerations,  *'>e  ^jllowinc  corici.  lotic 
c.in  be  drawn: 

1  For  Ti  alloys,  assumption  of  tJewtonian  cooling  is  n,.  Mficblt. 
The  more  com()lex  Ideal  cooling  is  the  more  correct  ass,^  t'-oi 

which  to  start  v.  ;en  making  estimates. 

1'  Ti  is  more  suscep  ible  to  choice  of  experiii.t i ‘a  1  r''eratit.<j  pofa..c- 
ters  than  A1 . 

The  choice  of  substrate  is  no:  criiicai  for  Ti  witc  ri.-Sj.i  i  K;  iic:: 
transfer. 

4  Othe  r  parameters  and  variables  are  mere  impu''tijni  jt  1 1  ■  i  for 

Ai.  Hence,  the  choice  of  operating  conditicr.s  may  be  cntii^al  in 
terr.s  of  the  structures  produced. 

L  Iculatiors  of  Weight  Percent  of  Constituents  in  Ge  Precipitate  in 
Alloy  with  7.5  Height  Percent  Ge  Aged  for  40  hr.  at  535'^C. 

Procedure 

Ttie  weight  percent  Ge  and  Ti  contained  in  the  precipitates  observed  car 
be  calculated  in  two  ways.  The  first  method  is  based  upon  that  of 

C I  iff-Lorir.iet  ;  the  second  is  based  upon  that  of  Zaluzec.  Both  are 

e/plaincd  in  Analytical  Electron  Microscopy,  in  terms  of  a  single¬ 
phase  material.  Physically,  the  problem  at  hand  is  determining  th( 

composition  of  a  precipitate  embedded  in  a  matrix.  X-ray  counts  col¬ 
lected  from  this  region  contain  contributions  from  both  precipitate  ano 
r  »trix.  Thus,  the  methods  applied  to  a  single-phase  alloy  must  bi 
i.h.dified  to  take  into  account  the  contributions  of  both  matrix  aiu 
precipitate  and  permit  accurate  separation  of  each  contribution.  Tin 
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bases  for  the  calcjlation  are  that  (1)  local  homogeneity  is  present  in 
the  matrix  surrounding  the  precipitate,  and  (2)  at  least  one  elenieni 
appears  in  the  matrix  which  does  not  appear  in  the  precipitate.  The 
procedure  is  to  find  concentration  ratios  for  the  elements  in  the 
matrix  usirig  an  appropriate  method  and  subsequently  employing  these 
ratios  to  determine  the  matrix  contribution  to  the  amounts  measured 
from  a  region  containing  a  precipitate. 

Method  1 


The  concentratic n  ratio  is  given  by 


wiiere  r 


Akef 


"Ref 


C 

C 

I 

I 

K 


kef 

A 

Ref 

A 


K 


Ref 


concentration  of  element  A, 
concentration  of  element  used  as  referenci  . 
integrated  intensity  of  A, 
integrated  intensity  of  reference  element, 
Cl iff-Lorimer  factor  for  A, 

Cl iff-Lorimer  factor  for  reference  element. 


For  the  case  at  hand,  the  elements  are  A1 , 
serves  as  the  reference  element.  The  ratios 
by 


^A1  _  “^Al  ^Al, 


'ti 


^Ti  ^Ti 


Kp  Ip 

Gc  _  Ge  Ge , 


^Ti 


^Ti  Wi 


Cc  Kc  Ic 
Sn  Sn  Sn. 


^Ti  ^Ti 


Ge, 

for 


Sn ,  and  Ti , 
the  matrix 


where  Ti 
are  giver 
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The  K-factors  for  these  elements  are  known,  and  the  integrated 
intensities  are  obtainable  experimentally.  Hence,  experimental 
ratios  can  be  found,  and  from  these  the  weight  percent  of  each 
element,  with  the  assumption  that  the  sum  of  concentrations  is  l.OU, 
can  be  determined. 

Counts  obtained  from  the  region  containing  the  precipitate  include 
both  matrix  and  precipitate.  If  the  matrix  sirrounding  the  precipi¬ 
tate  is  unift  the  ratio  of  elements  in  a  precipitate-free  rtj  >  n 
(Region  1)  and  lat  in  the  precipitate-conta'i  g  region  fRegion  rj 
will  be  the  same  except  for  the  contribution  by  the  prccipiiaie  (f  g. 
Vlj.  If  one  element  appears  in  the  matrix  but  not  in  in.  r-'^ci  pi  tate , 
then  the  counts  from  this  element  can  be  used  as  the  star.  ,g  noinl 
for  calculation  of  the  matrix  contribution  in  Region  2  (Tablet, 


TABLE  6 

COfiTRlBUTIOhS  TO  MEASURED  INTENSITY 


Ti 

A1 

Sn 

Ce 

Matrix 

yes 

yes 

yes 

yes 

P reel  pi tate 

yes 

no 

no 

yes 

The  concentration  ratios  for  Region  2  are 


C ' 

A1  _ 

^A1 

r ' 

^Ti 

•^Ti 

Cl 

Ge 

^Ge  , 

^Ti 

•^Al 

Hi 

C  ' 

Sn 

*^Sn 

Hn  . 

C ' 

^Ti 

^A1 

For  this  case,  the  starting  assumption  is  that  no  A1  is  present  in  the 
precipitate. 


Since  concentration  ratios  for  A1  are  equal  in  both  regions,  Ti  fron; 
the  matrix  in  Region  2  is 


,  _  ^  ^A1  , 

Ti  -  K,.  ^Ai 
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ahd  the  contribution  of  Ge  from  the  matt  x  in  Region  1  is 


^Ge  ^Ti. 


Beam 


Region  1 


I  Beam 
( 


"Trj 


igc-e  KegujiS  of  Foil  Uith  '>-00  i  ju  Ld  te  v  ^  /  end  lit'io.t 
Preupitate  (L';. 


The  difference  between  the  measured  intensity  from  Region 
Culoulated  intensities  due  to  the  matrix  is  given  by 


KTi)  .  i;,  -  i|,  . 

HGe)  .  IJ,  -  . 

w  ere  and  are  the  measured  intensities  from  Region  2. 
t  e  concentration  ratio  for  the  precipitate  is  written  as 

'•Ge _  V  l(Ge), 

'Gl  .  ■  •'Ti 


2  ana  tiit 


Finally, 


f  om  which  the  weight  percents  are  calculated  on  the  assumption  that 
t  e  SUP'  cf  the  two  elements  is  IGOi, . 


Nii.'thod  'I 


A  simpler  derivation  of  net  counts  is 
contribution  from  Region  2  is  given  by 


Hi  = 


'A1 


Ml 


Mi 


as 


follows. 


The  Ti  matrix 


wMle  the  Ge  matrix  contribution  from  this  region  is 

I, 


I  '  =  -r^I  ' 

He  T^Hi. 


Thus,  the  net  counts  from  the  precipitate  are  given  as  the  difference 

i„(ri)  -  -  i|,  . 

-  'L  -  'Ge- 


Tie  concentration-ratio  calculation  can  be  carried  out  by  use  of  the 
C  •; ff-Lorimer  ratio,  as  given  above; 

"Ge  '"Ge  l(Ge)  , 

-  ^^7  TTTTT 

ot  by  use  of  the  Zaluzec  method,  in  which  the  same  principles  hole 
th'ough  the  net-count  calculation.  Concentration  ratios,  however,  are 
found  by  using 

"ce 

m  ‘  WTT  ’ 

where  t.  =  ej-j/cQg  =  ratio  of  detector  efficiencies  (k  lines)  and  k  = 
’^Ti^’^Ge  ”  x-ray  generation  constants,  known  for  a  given  micro¬ 

scope  beam  energy  (100  keV). 


Results 


batri  from  19  precipitates  were  taken  (Fig.  13),  and  the  Ti  and  Ge  con¬ 
centrations  in  the  precipitate  were  found  using  Methods  1  and  2;  the 
results  are  given  in  Tables  7  and  8.  The  average  weight  percents  using 
the  Cl iff-Lorimer  method  are  61.8  jk  7.9  w/o  Ti  and  38.2  +  7.9  w/o  Ge 
anu,  fur  Zaluzec,  58.6  +  8.4  w/o  Ti  and  41.5  +  6.4  w/o  Ge. 
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From  electron  di  tT  ra,  l  i.)i,  ^jjtterns,  the  precipitate  is  identified  as 
TigGe^.  which  contains  52.4  w/o  Ti  and  47.6  w/o  Ge.  Thus,  neither  cal¬ 
culation  yields  satisfjrtury  concent. jtions,  although  Zaluzec's  method 
gives  the  closest  agreement. 

Absorption  Considerations 

In  STEM,  compo  ition  <jr.aiysis  calculations  are  made  on  the  assumption 
that  no  absor  ion,  acuniic  number  or  tiuu  'scence  corrections  are 
necessary  because  the  toil  is  sufficiently  thin  to  reduce  the  x-ray 
excitation  volume  to  a  column  the  diameter  of  the  beam. 

If  foil  conditions  depart  rrom  this  assumption,  then  additional  correc¬ 
tions  must  be  made.  Usuaily  the  largest  correction  is  absorption,  and 
the  method  for  applying  this  correction  has  been  developed  (see 
Analytical  Electron  Microscopy ,  p .  152). 


0. 5  urn 


Figure  13.  STEM  Micrograph  of  Area  From  Which  Intensity 
Measurements  Listed  in  Table  6  Were  Made. 
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TABLE  7 

RESULTS  OF  CALCULATIONS  OF  Ti  AND  Ge  PRESENT 
IN  PRECIPITATES  USING  CLIFF-LORIMER  METHOD 
(SPECIMEN  AGED  40  HR  AT  535°C) 


No. 

Ti 

Ge 

w/o 

1. 

53.6 

40 

2. 

61.3 

38.7 

3. 

74.9 

25.1 

TijGe^ 

Ti 

54 

4. 

62.6 

37.4 

Ge 

46 

5. 

79.2 

20.8 

6, 

58.2 

41.8 

T  i  ,Ge 

Ti 

67 

7. 

60.5 

39.5 

Ge 

53 

8. 

70.2 

29.8 

9. 

63.9 

36.1 

10. 

60.2 

39.9 

11. 

67.2 

32.8 

12. 

43.0 

57,0 

13. 

55.7 

44.3 

14. 

63.9 

36.1 

15. 

61.0 

39.0 

16. 

65.0 

35.0 

17. 

55.7 

44.3 

18. 

58.2 

41.8 

19. 

60.3 

39.7 

Avg  = 

61.8 

38.2 

0  = 

^  7.9 

±  7.9 

TABLE  8 

RESULTS  OF  CALCULATIONS  OF  Ti  AND  Ge 
PRESENT  IN  PRECIPITATE  USING  ZALUZEC  METHOD 


No. 

Ti 

Ge 

1 

■5771 

2 

57.5 

42.5 

3 

67.3 

32.7 

4 

62.4 

37.6 

5 

58.9 

41.2 

6 

66.4 

33.6 

7 

40.6 

59.4 

8 

54.8 

45.2 

9 

61.2 

38.9 

10 

60.3 

39.7 

11 

62.7 

37.3 

12 

55.1 

44.9 

13 

57.3 

42.8 

14 

58.3 

41.7 

^  = 

58.6 

41.5 

= 

±  6.4 

±  6.4 

Veil  lies  of  e'lc  from  An^Iytual  Electron  Mcrosco 
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In  Zaluzec's  method,  the  concentration  ratio  is,  with  absorption 
correction , 


‘BA  ‘BA  Ig  • 


=  mass  absorption  coefficient  of  Element  A  in  Element  i  (from 
tables ) , 

t^.  =  approximate  concentration  of  Element  i,  found  from  calculation 

without  absorf  tion, 
p  =  density  (g/cm'^), 

f  =  geometrical  function  of  the  take~off  angle  (e)  and  beam  angle  of 
ircidence  ((5),  6  =  ^0°  for  specimen  perpendicular  to  beam. 

=  sin  t/cos  ((3-e), 

t^  =  thickness  of  foil  in  region  where  data  are  collected. 


Of  these  variables,  the  densities  C,  0,  and  y  are  known  or  can  be  esti¬ 
mated,  and  is  estimated  by  tht  initial  values  obtained  without  any 
corrections.  The  thickness,  however,  is  not  known  nor  can  it  be  easily 
measured.  Thus,  a  range  of  thicknesses  must  be  used  to  determine  the 
absorption  factors  and  a  judgement  made  as  to  the  best  result  based  on 
physical  considerations. 

To  estimate  the  importance  of  absorption  for  an  element  in  an  alloy, 
the  Phil ibert-Tixier  criterion  is  frequently  used,  which  is  given  by 
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xpt  <  0.1, 


where  x  “  ‘'Alloy 

A 

‘'Alloy  ~  niass-absorption  coefficient  of  element  A  in  the  alloy 
and  f  =  geometrical  factor. 

For  the  case  of  A1 ,  Ge,  Sn,  and  Ti,  the  calculation  of  the  above  crite¬ 
rion  and  any  subsequent  absorption  correction  proceeds  as  follows: 


(1) 


Construct  a  table  of 
tables. 


A 

‘'Alloy 


from  element  values 


given  in  the 


emitter-*- 


(Line) 

(K) 

(K) 

(L) 

(K) 

Absorber 

A1 

Ge 

Sn 

Ti 

> 

A1 

385.7 

28 

523.4 

247 

Ge 

7239.9 

41.2 

731.3 

349.9 

Sn 

6052.2 

147.3 

437.4 

1232.1 

Ti 

2288 

115.4 

231.1 

110.6 

Calculate 

composite 

for  each 

element  using 

A 

A1 

r  X  A1  r 

^  A1  p 

‘'Alloy  “ 

‘'Ti 

Si  ‘'Ge  ^Ge 

*  "Sn 

Sn  '"Ti  ^Ti  ’ 

A1 

‘'Alloy 

2446. 

9608, 

Ge 

‘'Alloy  ■ 

153. 

9087, 

Sn 

‘'Alloy  “ 

264. 

1247, 

“Alloy  ‘ 
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n 

I 

I 


l2b)  Calculate  absorption-criterion  values  for  the  element  of 

interest,  which  is  A1  for  this  case.  From  (2a),  =  2447. 

For  the  alloy,  p  =  4.5  g/cm*^.  Thus,  x  =  fv  =  1.08  (2447)  =  2643, 
and  xp  “  11892. 


hence,  xpt  =  11892  t,  for  t  in  cm.  Therefore,  if  t  j<  0.1  u  =  1000  K, 
then  absorption  of  radiation  from  A1  in  the  alloy  is  negligible.  Since 
the  thickness  range  expected  in  the  foils  used  may  be  larger  than 
1000°,  a  calculation  of  absorption  is  indicated. 


(3) 


Calculate  absorption  ratios  assuming  a  10^  K  thickness, 
experimental  parameters  are 
e  =  32°, 


e  =  90-35  =  55°, 

X  _  sin  55  _ 
cos (65-32)  " 


0.8899, 


p  =4.5  g/cm"^, 
t^^  =  10^  ^  =  lO'^cm, 

T  =  pftjj  =  4.5(f)  •  10'^  =  4.005  •  10"^ 


The 


Thus,  the  absorption  corrections  are 
'^Al 

~  =  0.9554, 

^Ti 

*^<,n 

~  =  0.9977. 

"Ti 

(4)  Calculate  the  ratios 

(a)  For  the  matrix, 

^  ^  ^  ^A1  ^  ck^AI 
^Ti  "^Al  ^  ^ 


1  -  exp(-  /^T) 
w  1  -  exp(-  V  ’t) 


i 

*■ 


/ 
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(b)  For  PPT  plus  matrix  region,  the  matrix  contribution  is 
written  as 


^  =  “Ti  ^  ^  'A1  ^  ^  ILL  A1  °Ti 
Ti  ^a7  •'AI  ‘^Al  ^Ti  '"Al  ‘^Al  ^  ^A1 


which  yields,  on  solving  for  , 

^A1  ^Ti  ^Ge 


where  =  absorption  due  to  matrix,  with  thickness  reduced  by 

thickness  of  precipitate.  The  precipitate  Ge  intensity  is  written 


r 

^Ge 

^Ge 

Ti 

6Ti 

CK 

<^Ge 

^Ti 

'Ge 

11 

^Ti 

^Ge 

TTT 

^Ge 

^Ti 

Hi 

T 

^Ge 

Hi 

^Ge 

Thus,  the  intensity  for  Ti  and  Ge  due  to  the  precipitate  is 
l,(Tt)  -  -  If,  . 

■  'g.  -  ‘Ge  • 


The  concentration  ratios  for  the  precipitate  are  given  by 


^'Ge 


ppt 


1^(26) 

ym* 


wt'.ere 


rabsorption  due  to"l  rabsorption 

L  ppt  J  L  due  to  matrix 


bb 


The  matrix  thickness  is  reduced  by  the  thickness  of  the  precipitate. 
Hence,  the  reduced  thickness  is  given  by 


T  =  Thickness  of  matrix  minus  thickness  of  precipitate 
^mx^  ^mx  "  ^ppt^  ^ppf 

For  calculation  purposes, 


estimate  Ppp^  =  5.0  g/cm  , 

'max  *  *  ■  ‘f  ^ 

and  t  =  100  8  =  10‘®  cm. 
ppt 

This  yields,  on  substitution  into  the  equation  for  T, 


T  =  3.5560.10"^, 


an(  the  absorption  factor  due  to  the  presence  of  the  precipitate  is 
calculated  to  be 


161.8.81  l-exp(-153.9087  T) 

'i:atrix  ■  153.9C87  l-exp(-151 .8181  T) 


0.999963 


v/h  ch  means  that  no  appreciable  absorption  is  occurriig.  The  same 
calculation  for  the  precipitate  yields 


Vt  "  1*000272951 


which  means  no  absorption.  Thus,  the  combined  absorption  factor  is 
found  to  be 


*Ge 


=  1.00024. 


Therefore,  no  absorption  correction  is  needed  for  these  thickness  and 
six:e  values.  The  only  correction  needed  is  in  the  initial  A1  value 
calculated  for  the  matrix.  Ge  and  Sn  do  not  require  corrections. 


!  jniniar> 


Ratios  for  natrix  contribution  to  precipitate  +  matrix  counts; 
(a) 


I*  T  ‘^f-j 

Ti  =  -f —  Ti  -j —  tt—  =  contribution  of  matrix  to  intensity 

^A1  '^Ti  h] 


(b) 


Hi 


'Ge 


Igg  =  contribution  of  matrix  to  intensity 


Net  intensity  due  to  precipitate: 

(0  i^di) . 

(•')  ■  'Ge  -  ‘Ge 


C  jncentratiofi: 


(^) 


^Ge 


(  ticlui  ion 


fii  In 

^Go  ^Ge 


Aiisorp;  ion  effects  in  the  foil  nu.y  be  required  when  tne  oil  thickne;  . 
e<ceeds  O.i  u.  Calculation  of  a  corrected  value  of  A1  intensity  leads, 
tijwever,  to  a  decrease  in  the  weight  percent  calculated  for  Ge.  Thi; 
oiscrepancy  remains  unexplained  at  this  time.  Further  corrections  for 
fluorescence  or  atomic  number  may  be  required,  but  since  methods  fo  ' 
accomplishing  such  corrections  are  not  well  formulated  and  are  the  sub¬ 
ject  of  research  themselves,  no  further  calculations  were  attempted. 

The  conclusion,  based  on  Zaluzec's  method  as  applied  to  the  precipi¬ 
tates  and  on  the  electron  diffraction  data,  is  that  the  i^recipitate  is 
TijGe-  but  that  it  may  be  slightly  ncn-stoichiometric  in  i  omposition. 
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Section  3 
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2.  "Hicrostructures  of  Rapidly  Solidified  Ti-5Al-2.5Sn  with  Si  or  Ge 
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ABSTRACT 


Ti-5Al-2.5Sn  alloy  with  varying  amounts  of  Si  or  Ge  and  produced  by  the 

blended  elemental  process  showed  high  porosity  volume  fraction  even  after 

extended  sintering  in  vacuum  at  1315“C.  The  volume  fraction  was  approximately 

proportional  to  solute  content.  Grain  growth  for  the  base  alloy  was  pro- 
1/3 

portional  to  t  but,  with  increasing  solute  content,  the  growth  curve 

1/3 

departed  from  a  simple  t  behavior.  The  interaction  of  the  porosity  with 
grain  boundaries  and  the  type  of  microstructure  contribute  to  this  complex 
behavior. 
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INTRODUCTION 


The  preparation  of  Ti  alloys  from  powder  using  an  elemental  blend  offers 
the  potential  of  making  near-net-shapes  economically,  thus  providing  a  cost- 
savings  in  the  use  of  Ti.  The  process  has  been  successfully  applied  to 
Ti-6A1-4V;  this  alloy  has  been  studied  extensively,  while  other  Ti' alloy 
formulations  have  received  little  attention.  liie  purpose  of  this  work  was 
to  examine  a  Ti  alloy  prepared  by  the  blended  elemental  process  in  terms  of 
its  porosity  and  grain-growth  behavior. 

The  alloy  studied  was  the  near-alpha  Ti-5Al-2.5Sn  with  additions  of  Si  and 
of  Ge.  The  alloys  examined  are  listed  in  Table  1.  The  range  of  concentra¬ 
tions  cover  solid-solubility  limits  in  the  alpha  and  the  eutectic/eutectoid 
range  for  the  high  concentrations.  The  alloys  were  prepared  from  a  true 

"emental  blend  of  A1  and  Sn  powder  and  electrolytic  Ti  sponge  by  cold 

* 

compacting  and  then  sintering  at  1315  C  for  4  hr.  This  temperature  lies 
in  the  beta-phase  field  and  is  only  a  few  hundred  degrees  below  the  liquidus 
for  all  of  the  alloys  studied.  These  additions  are  reported  to  be  potent 
strengtheners  in  conventionally  formulated  alloys  and  were  chosen  to  verify 
their  expected  large  effect  upon  the  mechanical  properties  of  the  material. 

Since  the  alloys  under  study  contained  volume  fractions  which  ranged  from 
10%  to  >  40%,  applications  Involving  fatigue-limited  forms  related  to 
airframes  and  engine  components  were  not  feasible.  Consequently,  procedures 
were  chosen  which  would  permit  determination  of  whether  continued  sintering 
*  By  Gould  Laboratories,  Cleveland,  OH 


Table  1 


WEIGHT  PERCENT  OF 
COMPONENTS  IN  ALLOYS  STUDIED 


Ti 

A1 

Sn 

Si 

Ge 

92.5 

5.0 

2.5 

, 

92.5 

4.99 

2.40 

0.1 

92.5 

4.98 

2.49 

0.5 

91.6 

4.95 

2.48 

.99 

88.1 

4.76 

2.38 

4.76 

84.1 

4.55 

2.27 

9.09 

80.4 

4.34 

2.17 

13.0 

92.5 

4.99 

2.49 

- 

0.1 

92.0 

4.98 

2.49 

- 

.49 

91.6 

4.95 

2.48 

- 

.99 

91.1 

4.93 

2.46 

- 

1.48 

86.1 

4.65 

2.33 

- 

6.98 

80.4 

4.34 

2.17 

- 

13.0 

75.5 

4.08 

2.04 

- 

18.4 

Nominal  additions  to  Ti-5Al-2.5Sn  (in  wt. 


Si 

0.1, 

0.5, 

1.0,  5.0, 

10.0,  15.0 

Ge 

0.1, 

0.5, 

1.0,  1.5, 

7.5,  15.0,  22.5 
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percent) 


wc‘uld  significancly  reduce  the  pore  volume  fraction  to  levels  acceptab  e  : -.r 
ffitigue  uses.  Therefore,  the  sintering  temperature  chosen  was  the  sam.  as 
that  used  in  the  compacting-sintering  process.  If  extended  sintering  at 
lllS^C  yielded  good  results,  then  further  tests  of  the  afl  a'c  for  r.tt  h  -.r.  1 
properties  could  be  made. 

The  results  reported  here  include  the  changes  in  porosity  and  the  growth  cf 
grains  in  the  alloys  as  a  result  of  the  simple  sintering  nrocedure  describee 
above . 


EXPERIMENTAL 


Th.e  as-received  alloys  were  in  the  form  of  ■-  80-gm  bars  9.5  mjt.  square  .and 
'  76mm  long.  Specimens  were  cut  from  the  bars  and  polished  to  reveal  either 
the  pore  structure  or  the  grain  structure.  These  samples  were  encapsulated 
in  Epomet,  ground  to  a  600  SiC  grit  finish,  intermediate  polished  on  nylon 
cloth  with  6-p  diamond  paste,  and  final  polished  in  the  vibratory  polisher 
on  microcloth  in  a  0.3-u  alumina  slurry.  The  samples  were  then  etched  in  a 
solution  of  10  ml  40%  KOH,  5  ml  H2O2  (30%),  and  20  ml  H2O.  The  samples  were 
observed  optically,  and  polarized  microphotographs  were  recorded.  Sets  of 
specimens  were  then  vacuum  sintered  for  10,  30,  and  50  hr.  at  1315°C. 

Porosity  was  determined  by  use  of  an  electronic  planimeter  which  measured 
the  pore  area  fraction  present  in  a  series  of  micrographs.  At  least  18  data 
points  were  taken  for  each  specim.en  per  sintering  treatment. 
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Grain  size  was  measured  by  the  linear-intercept  method.  Again  18  measure¬ 
ments  per  specimen  per  sintering  treatment  were  made  to  determine  the  spread 
in  the  data. 


RESULTS 


The  pores  in  the  as-received  material  had  a  ragged  shape  but  were  not  inter¬ 
connected.  Thus,  the  alloys  had  been  sintered  to  the  intermediate  stage. 

In  all  alloys  studied,  the  pore  morphology  showed  noticeable  changes  with  time 
at  temperature,  indicating  that  the  intermediate  stage  had  transformed  to 
the  final  stage  as  characterized  by  rounded  pore  shape  and  many  pores  located 
within  grains.  A  significant  number  of  pores,  however,  remained  at  the  grain 
boundaries . 

Several  of  the  alloys  could  not  be  studied  because  of  the  large  pore  volume 
fraction.  The  15  wt  pet  Si  alloy  sintered  poorly  and  crumbled  easily.  The 
5  wt  pet  and  10  wt  pet  Si  alloys  exhibited  noticeable  decrease  in  porosity 
with  time  at  temperature,  but  the  volume  fraction  remained  high  even  after 
the  50-hr  treatment.  Grain-size  measurement  in  these  alloys  was  not  possible, 
nor  was  an  accurate  measurement  of  fv  possible  except  in  the  5  wt  pet  Si  case 
after  10-hr  exposure  at  temperature.  The  high  solute  Ge  alloys  also  sintered 
poorly,  forming  compounds  during  the  extended  sintering  period. 

Porosity 

The  base-alloy  behavior  was  as  expected  in  terms  of  a  decrease  in  f^.  The 
volume  fraction  decreased  linearly  on  a  log-log  plot,  as  shown  in  Fig.  1. 
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T:,e  slope  of  this  curve  indicates  a  relationship  of  the  form 


V 

The  Si  alloy  behavior  is  shovn  in  Fig.  2.  The  lowest  solute  alloy  exhibits 
a  decline  in  with  time  up  to  30  hr,  at  which  time  a  marked  increase  occurs. 
The  0.5Si  alloy  exhibits  ai.  initial  increase,  followed  by  a  decrease.  This 
is  probably  related  to  the  transformation  from  the  intermediate  to  the  final 
stage  in  the  sintering  process.  Changes  in  microstruc ture  are  noted  at  30  hr 
which  suggests  that  strong  interaction  between  pores  and  grain  boundaries 
is  occurring.  The  1  wt  pet  Si  alloy  exhibits  a  relatively  flat  curve  up  to 
30  hr,  at  which  time  a  decrease  is  noted.  This  again  is  believed  to  be  related 
to  the  change  in  microstructure.  The  5  wt  pet  Si  data  show  that  large  and 
rapid  changes  occur  initially  after  30  hr,  indicating  that  this  allov  may  have 
been  in  the  late  stages  of  initial  sintering  in  the  as-received  condition. 

Upon  further  sintering,  through  the  intermediate  stage  to  the  final  stage,  the 
pore  \’olume  decreased  slowly  until  the  change  In  microstructure  occurred, 
allowing  pore  volume  to  decrease  rapidly. 
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The  Ge  alloy  behavior,  shown  in  Fig.  3,  was  somewhat  more  regular  than  that 
of  the  Si  alloys.  The  0.1  wt  pet  Ge  alloj-  displayed  slowly  decreasing  f . 
The  0.5  and  1  wt  pet  Ge  alloys  exhibited  an  initial  increase  in  f^  at  10  hr, 
followed  by  a  slow  decrease  in  f^^.  As  in  the  Si  alloy  cases,  the  transfe-r- 
mation  from  the  intermediate  to  the  final  stage  of  sintering,  and  tiie 
microstructural  changes  at  30  hr  are  responsible  for  this  behavior.  Tha  1.5 
wt  pet  Ge  alloy  exhibited  a  relatively  steady  value  for  f^,  a  slight  d.-op 
b.  ing  noted  after  30  hr.  The  7.5  wt  pet  Ge  alloy,  for  which  f^  was  very  high 
initially,  exhibits  a  rapid  decrease  in  f^  between  10  and  30  hrs,  fr'l lowed 
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by  a  large  drop  to  a  steady  value  at  30  hr  and  beyond.  The  15  wt  pet  '5e 
alloy  yielded  consistently  high  values  for  with  no  decrea.se  up  to  50  r.r. 

The  micrographs  in  Fig.  4  display  the  typical  porosity  changes  which  occur 
over  the  four  time  periods  studied.  The  alloy  in  this  figure  is  the  O.lSi 
alloy,  but  it  is  representative  of  all  the  alloys  studied.  Notice  the  change 
from  an  irregular  shape  and  distribution  to  one  which  is  well  rounded. 

Size  distributions  were  not  measured,  but  qualitatively  the  distribution 
changes  remarkably  to  one  having  a  very  narrow  width  of  diameters.  On  the 
average,  small  and  very  large  pores  have  been  consolidated  into  a  narrow 
band  of  diameters. 

GRAIN  GROWTH 

Grain  growth  in  tlie  alloys  was  complex  except  in  the  case  of  the  base 
1/3 

material,  where  a  t  law  was  obeyed.  Additions  of  solute  affected  the 
behavior  in  proportion  to  the  level  of  solute  added.  The  net  effect  was  to 
impede  the  grain  growth  until  the  grain  boundaries  broke  away  from  pores, 
whereupon  rapid  growth  occurred. 

The  base-alloy  grain-growth  curve  is  shown  in  Fig.  5.  The  growth  is  regular 
and  has  a  slope  of  0.33.  This  type  of  growth  is  expected  in  a  well-behaved 
material  and  corresponds  to  the  decrease  in  f^  noted  earlier. 

The  Si-containing  alloys  showed  complex  behavior,  as  illustrated  in  the  curves 
in  Fig,  6.  The  effects  of  solute  level  can  be  seen.  The  growth  in  the  lowest 
solute  alloy  (0.1  wt  pet  Si)  was  similar  to  that  in  the  base  alloy  up  to  10  hr, 
at  which  time  a  leveling  occurred  up  to  30  hr.  The  0.5  wt  pet  Si  alloy 
e;hibited  similar  growth.  After  30  hrs,  the  rate  increased  dramatically. 
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Since  a  large  microstructural  change  occurred  at  this  time,  as  explained 
above,  the  source  for  this  variation  in  growth  is  believed  to  be  related 
to  this  change.  The  1  wt  pet  Si  material  exhibited  a  flat  growth  rate  up 
to  30  hr.  at  which  time  the  rate  increased  noticeably. 

In  the  Ge  alloys, (Fig.  7)  the  effects  of  solute  concentration  are  more 
dependent  than  in  the  case  of  the  Si  alloys.  The  0.1  Ge  alloy  curve  deviates 
slightly  from  the  base-alloy  curve,  exhibiting  a  steadily  increasing  rate. 

The  0.5  and  1  wt  pet  Ge  alloys  follow  the  base-alloy  behavior  up  to  30  hr, 
at  which  time  the  rate  drops.  This  is  followed  by  a  large  increase  in  size, 
indicating  rapid  growth. 

Microstructures  for  the  alloys  studied  are  illustrated  in  Fig.  8  for  the 
0.1  wt  pet  Si  alloy.  These  are  typical  of  the  microstructures  of  the  alloys 
in  which  grain  structure  was  measureable.  The  initial  structure  is  a  but 
is  not  well  equiaxed .  This  structure  is  observed  at  10  hr  as  well;  but  at 
30  hr,  plate-like  grains  become  evident.  These  are  well  developed  at  50  hr. 
Such  microstructures  compare  well  with  those  observed  in  conventionally 
prepared  Ti-5Al-2.5Sn  which  has  been  heated  in  the  6  and  then  cooled  to 
form  a. 


DISCUSSION 


Porosity  in  these  blended  elemental  alloys  is  high  and  is  not  reduced  to  levels 
acceptable  for  use  in  fatigue-limited  applications  by  simple  extension  of 
the  sintering  parameters  used  during  the  consolidation  process.  The  vcilume 
fraction-time  relationship  is  complex  except  for  the  base  alloy,  where  a 
decrease  proportional  to  t  is  noted. 


Th.'  addition  of  solute  (Si  or  Ge)  has  a  strong  effect  upon  the  volume-: rac ticn 
kinetics,  probably  because  of  the  solute  drag  produced.  This  relationship, 


however,  is  not  simple.  The  effect  of  adding  solutes  appears  to  extend  the 
time  required  for  sintering  to  take  place. 

1/3 

Grain  growth  in  the  base  alloy  proceeds  according  to  a  t  law.  Addition 
of  a  solute  produces  a  decrease  in  the  kinetics  which  is  roughly  proportional 
to  the  amount  of  solute  present.  A  breakaway  in  grain  growth  occurs  after 
extended  sintering.  The  growth  rate  becomes  high,  rapidly  increasing  the 
grain  size.  The  behavior  of  this  high-growth-rate  portion  of  the  sintering 
is  not  clear.  It  may  be  a  catch-up  process,  i.e.,  the  rate  increases  rapidly 
until  the  grain  size  reaches  values  comparable  to  those  of  the  base  material, 
after  which  the  rate  decreases  to  that  of  the  base  alloy.  The  rate  may  continue 
to  be  high,  leading  to  a  rapid  growth  in  grains  to  sizes  comparable  to  those 
in  conventional  alloys.  The  data  presented  are  not  definitive  on  this  point. 

The  grain  sizes  measured  are  very  small,  as  compared  with  those  developed  in 
alloys  prepared  by  conventional  procedures  (cast,  forged,  wrought,  swaged, 
etc.),  indicating  that  the  effects  of  PM  approaches  on  grain  size  apply  in 
this  system.  For  this  alloy  system,  additional  processing  is  required  to 
reduce  the  porosity  to  levels  of  a  few  volume  percent  or  less.  Processes 
such  as  HIPing  or  vacuum  hot  pressing  are  appropriate  candidates. 


CONCLUSIONS 


This  study  has  shown  that  a  simple  extension  of  the  sintering  process  used 
in  producing  the  compact  is  ineffective  in  reducing  porosity  without  an 
attendant  large  increase  In  grain  size. 


This  work  has  further  shown  that  .-^ter  additional  processing  compacts  can  be 
produced  which  may  be  useful  in  fatigue  limited  applications.  Even  unprocessed, 
these  compacts  can  be  used  as  source  material  for  producing  prealloyed  powders. 
In  this  case,  advantage  is  taken  of  the  PM  property  of  combining  alloying 
elements  to  produce  alloys  not  possible  through  the  use  of  melt  techniques. 

The  study  also  points  out  the  danger  in  assuming  that  processes  applicable  to 
an  alloy  system  such  as  Ti-6A1-4V  are  applicable  to  a  related  system. 


LIST  OF  FIGURES 


Area  fraction  versus  sintering  time  at  for  base  alloy. 

Area  fraction  versus  sintering  time  for  base  alloy  with  various  amounts 
of  Si. 

Area  fraction  versus  sintering  time  for  base  alloy  with  various  amounts 
of  Ge. 

Porosity  obtained  in  base  +  0.1  wt  pet.  Si  alloy:  (a)  as-received, 

(b)  after  10  hr  at  1315°C;  (C)  after  30  hr;  (d)  after  50  hr. 

Grain  size  (mm/grain)  versus  sintering  time  for  base  alloy. 

Grain  size  (mra/grain)  versus  sintering  time  for  Si  containing  alloys. 

Grain  size  (imn/grain)  versus  sintering  time  for  Ge  containing  alloys. 

Microstructures  obtained  in  base  +  0.1  wt  pet.  Si  alloy:  (a)  as-received, 

(b)  after  10  hr  at  1315°C;  (c)  after  30  hr;  (d)  after  50  hr.  Note  the 
change  from  equiaxed  a  to  plate-like  o'. 


BASE  ALL0Y-'n-5AI-2.5Sn 


Figure  4.  I'ljrin-,  i  i  v  ( >!,  f  .i  i  nci!  in  Jia-.c  *  ().l  u’t.  p 
Si  Allnv;  (.1)  Af; '  Here  i  vi'il  ,  (h)  After 
III  lir  .  at  M 1  .  (  .  t'l  i  Ai  I  IT  if)  hr.  , 

(  (! )  At  I  1-1  '•'!  hr  . 


0.3 


85 


Figurt?  5.  Crain  S  i  7(’  (mm  ^Crn  i  n'l  '.’orsii 


0.1  Si 
0.5  Si 
1.0  Si 


10  SEC 


^A0-A141  946 


CHARACTERIZATION  OF  THE  MICROSIRUCIURES  OF  VARIOUS 
MATERIALS(U)  SYSTEMS  RESEARCH  LABS  INC  DAYTON  OH 
RESEARCH  APPLICATIONS  DIV  A  G  JACKSON  ET  AL.  APR  84 
UNCLASSIFIED  AFWAL - TR -84 - 4052  F33615-80-C-5079  F/G  11/6 


H 

END 

M 

M 

7  84 

OTIC 

(b) 


Figure  8.  Microstructures  Obtained  in  Base  + 

0.1  wt.  pet.  SI  Alloy:  (a)  As-Received, 
(b)  After  10  hr.  at  ISIS^C,  (c)  After 
30  hr.,  (d)  After  50  hr.  Note  the  change 
from  equlaxed  a  to  plate-like  a'. 
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